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ABSTRACT/ZUSAMMENFASSUNG 

Ferroptosis, a new form of regulated necrotic cell death, was recently described in 

RAS-transformed tumor cells when treated with a subset of lethal small molecules, 

called ferroptosis-inducing-agents (FINs). This form of regulated necrosis is 

characterized by the occurrence of high cellular levels of lipid hydroperoxides and 

iron overload, leading to caspase- and necrosome-independent cell death. In fact, 

iron-dependent lipid peroxidation is believed to be the main driver of ferroptosis that 

is counteracted by the selenoenzyme glutathione (GSH) peroxidase 4 (GPX4), which 

catalyzes the detoxification of peroxides specifically in lipid bilayers. However, there 

are many open questions about the execution mechanisms of ferroptosis, and in 

particular those downstream of GPX4 and lipid peroxidation. In this study, the GPX4 

inhibitor (1S, 3R)-RSL3, along with the System xc
- inhibitor Erastin, another FIN, were 

used in a recessive genetic screen to identify acyl-CoA synthetase long-chain family 

member 4 (Acsl4) as a very specific, crucial player of ferroptosis. Targeted knockout 

(KO) of Acsl4 in somatic cells by using the CRISPR/CAS technology not only 

rendered cells highly resistant to FINs, but also rescued ferroptotic cell death induced 

by Gpx4 deletion in double KO cells. Furthermore, it was demonstrated that forced 

re-expression of ACSL4 but not ACSL1 and ACSL3 could re-sensitize cells to 

undergo ferroptosis. The finding was expanded to a panel of triple-negative human 

breast cancer cells (difficult to treat by standard chemotherapy) to show that the 

presence of ACSL4 expression predicted the sensitivity to FIN induced ferroptotic 

cancer cell death. In an attempt to illuminate the mechanism of ferroptosis execution, 

it was shown that the protection against ferroptosis brought about by Acsl4 KO was 

due to the high resistance to lipid peroxidation. Specifically, Acsl4 was involved in 

shaping the phospholipid species containing polyunsaturated fatty acid groups in 

cells, the main targets of lipid peroxidation. In particular, the (oxi)-lipidome analysis of 

WT and Acsl4 KO cells during (1S, 3R)-RSL3 induced ferroptosis unraveled a yet 

unrecognized oxi-lipid signature, featuring double and triple oxygenated species of 

arachidonoyl- and adrenoyl-phosphatidylethanolamine (C18:0/20:4 and C18:0/22:4) 

as markers of ferroptosis. Pharmacological inhibition of Acsl4 using 

thiazolidinediones was shown to be a viable option to halt ferroptosis (independent of 

its effects on peroxisome proliferator-activated receptor-γ (PPAR-γ)) in vitro and to 

some extent in a mouse model of inducible Gpx4 deletion. Therefore, genetically 
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modified mouse lines with a TAM-inducible KO of Acsl4 were generated and efforts 

are currently being made to generate inducible Acsl4/Gpx4 double KO mice that will 

serve as new tools to investigate the role of ferroptosis in vivo. 

 

Ferroptose, eine neue Form des regulierten nekrotischen Zelltods, wurde zuerst in 

RAS-transformierten Tumorzellen beschrieben die mit einer Gruppe synthetisch 

letalen Verbindungen, den sogenannten ferroptosis-inducing agents (FIN), behandelt 

wurden. Dabei unterscheidet sich Ferroptose maßgeblich von den bereits etablierten 

regulierten Zelltod Mechanismen (Apoptose, Nekroptose), da weder Caspasen- noch 

Nekrosom-Aktivierung eine gravierende Rolle spielen. Im Gegensatz dazu, zeichnet 

sich Ferroptose vor allem durch seine Eisen-abhängige Akkumulation von 

Phospholipid Peroxiden aus. Bislang ist allerdings noch unklar wie diese reaktiven 

und instabilen Moleküle die ferroptotische Signalkaskade auslösen. Das 

Selenoenzym Glutathion (GSH) Peroxidase 4 (GPX4) steht im Mittelpunkt des bis 

dato bekannten Ferroptose Mechanismus, da es unter physiologischen Bedingungen 

dafür sorgt, dass Phospholipid Peroxide zu ihren entsprechenden und weniger 

reaktiven Alkoholen reduziert werden. Abgesehen von der beschriebenen Anhäufung 

von Phospholipid assoziierten Peroxiden blieb die Forschung allerdings bislang eine 

konkrete Erklärung des Ferroptose Mechanismus jenseits von GPX4 schuldig. Im 

Rahmen dieser Arbeit wurden verschiedene Screening Methoden angewendet, um 

bisher unbekannte Gene der ferroptotischen Signalkaskade zu identifizieren. Das 

Gen acyl-CoA synthetase long-chain family member 4 (Acsl4) wurde in einem 

Genom-weiten CRISPR (Clustered Regularly Interspaced Short Palindromic 

Repeats)/Cas9 (CRISPR associated) KO (Knockout) Screen in MEF (mouse 

embryonic fibroblast) Zellen als essentieller Ferroptose Faktor identifiziert. Der 

gezielte KO von Acsl4 in verschiedenen Zelllinien schützte diese sowohl vor FIN 

induzierter als auch vor genetisch (GPX4 Deletion) ausgelöster Ferroptose. Diese 

pro-ferroptotische Funktion grenzte Acsl4 experimentell deutlich von seinen nah 

verwandten acyl-CoA Synthetasen (Acsl1, Acsl3 und Acsl5) ab. Diese Erkenntnisse 

wurden auf eine Reihe schwer therapierbarer humaner Brustzelllinien (basal/luminal, 

triple-negative) angewendet um zu zeigen, dass die Expression von Acsl4 in der Tat 

einen Ferroptose Sensitivitäts-Marker darstellt. Darüber hinaus zeigte die 

pharmakologische Inhibition von Acsl4 durch Verbindungen der Klasse der 

Thiazolidinedione (in vitro vollständig, in vivo partiell) denselben anti-ferroptotischen 
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Effekt wie die genetische Entfernung von Acsl4 und legte somit den Grundstein für 

Acsl4-basierte anti-ferroptotische Therapieansätze. Lipidom Analysen von Acsl4 KO 

Zellen zeigten, dass weniger mehrfach-ungesättigte Fettsäuren (Hauptziele der Lipid 

Peroxidation) in bestimmte Phospholipide (Phosphatidylethanolamine und 

Phosphatidylinositol) eingebaut wurden, wodurch die Lipid Komposition der Zellen 

verändert und diese folglich weniger anfällig für Lipid Peroxidation wurden. Um 

diesen Vorgang genauer zu beschreiben wurden WT und Acsl4 KO MEF Zellen mit 

dem GPX4 Inhibitor (1S, 3R)-RSL3 behandelt und ihr (Oxi)-Lipidome untersucht. 

Dabei gelang es die bisher unbekannte Oxi-Lipid Signatur von Ferroptose zu 

beschreiben. Genau genommen wurden doppel- und dreifach- oxigenierte 

Arachidonoyl- und Adrenoyl-haltige Phosphatidylethanolamine (C18:0/20:4 und 

C18/C22:4) als potentielle Lipid-marker dieses Zelltods identifiziert. Neue genetisch 

modifizierte Mauslinien mit induzierbarem Acsl4 KO sowie Acsl4/Gpx4 doppel-KO 

Mäuse werden momentan gezüchtet, um zukünftig neue Modelle zur Untersuchung 

von Ferroptose in vivo zu ermöglichen. 

 



  LIST OF ABBREVIATIONS 

VII 

LIST OF ABBREVIATIONS 

°C    Degree celsius 
µg    Microgram 
µL    Microliter 
µM    Micromolar 
4-HNE    4-Hydroxynonenal 
A    Ampere 
AA    Arachidonic acid (Eicosatetraenoic acid) 
ACSL4    Acyl-CoA synthetase long chain family member 4 
AdA    Adrenic acid 
ADP    Adenosine diphosphate 
Aifm1    Apoptosis-inducing factor mitochondrion-associated 1 
AKR1C1-3   Aldo-Keto reductase family 1, member C13 
Akt    Protein kinase B 
AMP    Adenosine monophosphate 
APAF    Apoptotic protease-activating factor 
ARE    Antioxidant response element 
BACE1   β-site of APP cleaving enzyme 
BAD    BCL-2 antagonist of cell death 
BAK    BCL-2 homologous antagonist 
BAX    BCL-2-associated X protein 
BCL    B-cell lymphoma 
Bcl2a1a   B cell leukemia/lymphoma 2 related protein A1a 
BFP    Blue fluorescent protein 
BH    BCL-2 homology 
BID    BH3 interacting domain death agonist 
BIM    BCL-2-interacting mediator of cell death 
BMP    Bone morphogenetic protein 
bp    Base pair 
BSA    Bovine serum albumin 
BSO    Buthionine sulfoximine 
Cas    CRISPR associated 
cDNA    complementary DNA 
CDP-DAG   Cytidine diphosphate-diacylglycerol 
Ces2a    Carboxylesterase 2A 
CL    Cardiolipin 
c-MYC    V-Myc Avian Myelocytomatosis Viral Oncogene Homolog 
CoA    Coenzyme A 
Cre    Cre recombinase 
CREB    cAMP response element-binding protein 
CRISPR   Clustered regularly interspaced short palindromic repeats 
crRNA    Single CRISPR RNA 
Ctrl    Control 
DAMPs   Damage-associated molecular patterns 
DFO    Deferoxamine 
DHA    Docosahexaenoic acid 
DISC    death-inducing signaling complex 
DMT1    Divalent metal transporter 1 
DNA    Deoxyribonucleic acid 
dNTP    Deoxynucleotides 
DSB    Double strand breaks 
DTA    Docosatetraenoic acid 
dUTP    Deoxyuridine triphosphate 
EMMA    European Mouse Mutant Archive 



  LIST OF ABBREVIATIONS 
 

VIII 

ER    Endoplasmic reticulum 
ERA    Erastin 
ERT2    Human estrogen receptor 
ETA    Eicosatetraenoic acid 
ETE    Eicosatrienoic acid 
EUCOMM   European Conditional Mouse Mutagenesis Program 
FA    Fatty acid 
FADD    FAS-associated death domain protein 
FAS    Fas cell surface death receptor 
FIH1    Asparaginyl hydroxylase 
FIN    Ferroptosis-inducing-agent 
FLIP    FLICE-inhibitory protein 
FRT    Short flippase recognition target 
g    Gravitational force 
GCLM     Glutamate-cysteine ligase modifier subunit 
gDNA    Genomic DNA 
GFP    Green fluorescence protein 
GLS    Glutaminase 
GPX4    Glutathione peroxidase 4 
GSH    Glutathione 
GSS    Glutathione synthetase 
GSSG    Glutathione disulfide 
GUI    Graphical user interface 
h    Hours 
HE    Hematoxylin and eosin 
HETE    Hydroxyeicosatetraenoic acid 
HIF    Hypoxia-inducible factor 
Hnrnpf    Heterogeneous Nuclear Ribonucleoprotein F 
HpETE   Hydroperoxyeicosatetraenoic acid 
HPRT    Hypoxanthine-guanine phosphoribosyltransferase 
IAP    Inhibitor of apoptosis proteins 
IKK    IκBα –kinase 
IMS    Intermembrane space 
Indel    Insertions or deletions 
IRE    Iron responsive element 
IRES    Internal ribosomal entry site 
IRI    Ischemia/reperfusion injury 
IRP    Iron regulatory protein 
Isca1    Iron-sulfur cluster assembly 1 
kb    Kilo base 
KBM7    Chronic myelogenous leukemia 
kDa    Kilodalton 
Keap1    Kelch-like ECH-associated protein 1 
KO    Knockout 
L    Liter 
LB    Lysogeny broth 
LC    Liquid chromatography 
LDH    lactate dehydrogenase 
LOX    Lipoxygenase 
LoxP    Locus of X-over P1 
LPCAT3   Lysophosphatidylcholine acyl-transferase 3 
LTR    Long terminal repeat 
LUBAC   Linear ubiquitin chain assembly complex 
M    Molar 
MAM    Mitochondrial associated membrane 
MAPK    Mitogen-activated protein kinase 



  LIST OF ABBREVIATIONS 
 

IX 

MCL    Myeloid leukemia cell differentiation 
MilliQ    Ultrapure water 
mins    Minutes 
mio    Million 
mL    Milliliter 
MLKL    Mixed linage kinase domain-like protein 
MLV    murine leukemia virus 
mM    Millimolar 
MOI    Multiplicity of infection 
MS    Mass spectroscopy 
NADPH   Nicotinamide adenine dinucleotide phosphate 
Ndufa13   NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 13 
Ndufa9   NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 9 
NF-κB    Nuclear factor- κB 
ng    Nanogram 
NGS    Next-Generation Sequencing 
NHEJ    Non-homologous end-joining 
nm    Nanometer 
nM    Nanomolar 
NOS    Nitric oxide synthases 
Notch    Translocation-Associated Notch Protein 
NOX    NADPH-oxidases 
NOXA    Phorbol-12-Myristate-13-Acetate-Induced Protein 
NRF2    Nuclear factor erythroid 2-related factor 2 
NTBI    Non-transferrin bound iron 
OCR    Oxygen consumption rate 
OXPHOS   Oxidative phosphorylation 
p53    Tumor suppressor p53 
PAM    Protospacer adjacent motif 
PARP    Poly(ADP-ribose) polymerase 
PC    Phosphatidylcholine 
PCBP    Poly(rC)-binding protein 
PCR    Polymerase chain reaction 
PE    Phosphatidylethanolamine 
PFA    Paraformaldehyde 
PG    Phosphatidylglycerol 
PHDs    Prolyl hydroxylase 
PI    Phosphatidylinositol 
PL    Phospholipid 
PLA2    Phospholipase A2 
PL-OOH   Phospholipid hydroperoxide 
PPP    Pentose phosphate pathway 
PRNP    Prion protein 
PS    Phosphatidylserine 
PUFA    Polyunsaturated fatty acid 
PUMA    P53 upregulated modulator of apoptosis 
PVDF    Polyvinylidene fluoride 
qPCR    Quantitative PCR 
RAS    Rat sarcoma 
RB    Retinoblastoma 
RIP or RIPK   Receptor-interacting kinase 
RISC    RNA-induced silencing complex 
RNA    Ribonucleic acid 
ROS    Reactive oxygen species 
ROSA26   Ubiquitously expressed locus in mice. 
rpm    Revolutions per minute 



  LIST OF ABBREVIATIONS 
 

X 

RRE    Rev responsive element 
RT    Room termperature 
Scp2    Sterol carrier protein 2 
SDH    Succinate dehydrogenase 
SDS-PAGE   Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
sec    Seconds 
sgRNA    Single guide RNA 
shRNA    short hairpin RNA 
SMAC    Second mitochondrial activator of caspases 
Smad    Mothers Against DPP Homolog 
Smg7    Nonsense Mediated MRNA Decay Factor 
STEAP3   Six-transmembrane epithelial antigen of prostate 3 
Sumo    Small Ubiquitin-related Modifier 
TAB1    TAK1 binding protein 1 
TAG    Triacylglycerid 
TAK1    Transforming growth factor-β-activated kinase 1 
TAM    4-Hydroxytamoxifen 
TdT    Terminal deoxynucleotidyl transferase 
TEM    Transmission electron microscopy 
Tf    Transferrin 
TfR    Transferrin receptor 
TNFR    Tumor necrosis factor receptor 
TNFα    Tumor necrosis factor α 
tracrRNA   Small trans-activation crRNA 
TRADD   TNFR1-associated death domain protein 
TRAF    TNFR-associated factor 
TUNEL   TdT -mediated dUTP-biotin nick end labeling 
TXNRD1   Thioredoxin reductase 1 
Ub    Ubiquitin 
Uqcrc2    Ubiquinol cytochrome c reductase core protein 2 
UTR    Untranslated region 
UV    Ultraviolet 
VDAC    Voltage-dependent anion channel 
ZIP8/14   Members of the soute carrier protein family 39 
β-Me    β-Mercaptoethanol 
γ-GCS    γ-glutamylcystein synthase 



  LIST OF FIGURES 

XI 

LIST OF FIGURES 

Figure 1: Morphological differences of apoptotic, necrotic and autophagy–associated 
cell death. .................................................................................................................... 2 
Figure 2: Intrinsic and extrinsic apoptosis signaling pathways in mammals ............... 4 
Figure 3: TNFR signaling cascade including pharmacological modulators. ................ 8 
Figure 4: Upstream events in ferroptosis .................................................................. 12 
Figure 5: Fenton reaction and Haber-Weiss cycle .................................................... 17 
Figure 6: Iron metabolism ......................................................................................... 18 
Figure 7: CRISPR-Cas is an adaptive immune system in prokaryotes. .................... 23 
Figure 8: Targeted genome editing using the CRISPR system.. .............................. 25 
Figure 9: Map of the sgRNA expression vector pKLV-U6gRNA(Bbs1)-
PGKpuro2ABFP ........................................................................................................ 34 
Figure 10: Map of the 442-PL1-Puro. ....................................................................... 35 
Figure 11: ShRNA screen using xCT- cells. ............................................................. 68 
Figure 12: Transcriptome analysis of ferroptosis resistant cells clones to identify 
potential pro-/anti-ferroptotic players. ........................................................................ 70 
Figure 13: Validation of candidate genes from the transcriptome analysis of 
ferroptosis-resistant cells.. ......................................................................................... 72 
Figure 14: Genome wide CRISPR/Cas9 KO screen.. ............................................... 74 
Figure 15: Graphical user interface (GUI) of the developed bioinformatics tool 
showing the FASTQ filer module (top) and the CRISPR report module (bottom). ..... 76 
Figure 16: Identification of new pro-apoptotic candidate genes.. .............................. 78 
Figure 17: Acsl4 is a pro-ferroptotic gene. ................................................................ 80 
Figure 18: Enzymatic reaction catalyzed by Acyl-CoA synthetases. ........................ 81 
Figure 19: Acsl4 is the sole acyl-CoA synthetase (Acs) isoform contributing to 
ferroptosis in Pfa1 cells.............................................................................................. 82 
Figure 20: Acsl4 KO cells are resistant to ferroptosis inducing agents but not 
generally resistant to other cell death inducers. ......................................................... 84 
Figure 21: Acsl4 expression determines ferroptosis sensitivity in a panel of breast 
cancer cell lines. ........................................................................................................ 86 
Figure 22: Acsl4 expression determines ferroptosis sensitivity in a panel of breast 
cancer cell lines.. ....................................................................................................... 88 
Figure 23: Ultrastructural analysis of smooth endoplasmic reticulum and Golgi 
apparatus in Acsl4 KO and WT Pfa1 cells. ................................................................ 89 
Figure 24: Ultrastructural analysis of mitochondria in Acsl4 KO and parental Pfa1 
cells. .......................................................................................................................... 90 
Figure 25: Mitochondrial respiration is not altered by KO of Acsl4. .......................... 92 
Figure 26: Analysis of iron content in Acsl4 KO and parental Pfa1 cells. ................. 93 
Figure 27: ω6 FA supplementation sensitizes Acsl4 KO cells to undergo ferroptosis.
 .................................................................................................................................. 95 
Figure 28: Lipidome characterization of Acsl4KO and WT Pfa1 cells. ...................... 97 
Figure 29: Identification of the lethal lipid mediators during ferroptosis. ................... 99 
 



  LIST OF FIGURES 
 

XII 

Figure 30: Acsl4 KO cells are refractory to lipofection- and viral-based transfection.
 ................................................................................................................................ 100 
Figure 31: Thiazolidinediones protect from ferroptosis independently of PPARγ 
activation. ................................................................................................................ 102 
Figure 32: Rosiglitazone mediated change in PE lipid composition is due to inhibition 
of Acsl4. ................................................................................................................... 104 
Figure 33: Murine fibroblasts execute ferroptosis independently of Bid expression.
 ................................................................................................................................ 105 
Figure 34: Immunohistological detection of Acsl4 expression in different mouse 
tissues of C57BL/6j mice. ........................................................................................ 107 
Figure 35: Immunhistological detection of Acsl4 expression in mouse brain sections.
 ................................................................................................................................ 109 
Figure 36: Rosiglitazone treatment showed beneficial effects in a mouse model of 
inducible GPX4 KO. ................................................................................................. 110 
Figure 37: Generation of TAM-inducible conditional Acsl4 KO mice. ..................... 111 
Figure 38: Immunohistochemical validation of TAM-inducible Acsl4 KO mice... ..... 114 

Figure 39: Acsl4 determines ferroptosis sensitivity by shaping the cellular 
phospholipid composition. ....................................................................................... 119 
Figure 40: The subcellular localization of Acsl4 influences the FA composition of PE.
 ................................................................................................................................ 122 
Figure 41: Radical chain reaction generating lipid peroxides. ................................. 125 
Figure 42: Generation of 4 hydroxynonenal (4-HNE) as a breakdown product of ω-6 
lipid peroxides. ......................................................................................................... 126 
 



  INTRODUCTION 
 

- 1 - 

1 INTRODUCTION 

1.1 History of cell death 

Begin with the end in mind - The term cell death describes the ultimate ending of the 

essential processes of life in a living cell. In 1842 Carl Vogt 1, a German-Swiss 

scientist, was the first to describe cell death during normal branchiae development of 

the midwife toad. This finding changed the perception of cell death and led to the 

recognition that a delicate balance between cell death and cell survival is necessary 

during development and homeostasis of organisms. As a mechanism to control this 

balance the concept of regulated cell death was introduced by Lockshin and Williams 

in 1964 2. Shortly thereafter, two scientists 3 were able to distinguish cell death 

modalities based on morphological features which they observed in rat embryos 

treated with toxins: 

“(Type I) Condensation and fragmentation of single cells undergoing phagocytosis, 

with lysosomal disintegration of the fragments in neighboring cells. 

(Type II) Primary formation of lysosomes in dying cells, with activation and 

subsequent destruction and phagocytosis of the fragments by neighboring cells. 

(Type III) Disintegration of cells into fragments, which were optically no longer 

detectable, without involvement of the lysosomal system“ 3. 

For decades cell death was classified based on these observations, now commonly 

known as apoptosis (Type I), autophagy-associated (Type II) and necrotic cell death 

(Type III) (Figure 1). Necrosis is a highly inflammatory process unlike apoptosis 

which is immunologically silent 4. Apoptotic cells expose phosphatidylserine on their 

surface which represents an ‘eat me signal’ for phagocytes 5. By this way apoptotic 

bodies get cleared without the release of pro-inflammatory cytokines (Figure 1). 

Necrosis on the other hand causes the release of damage-associated molecular 

patterns (DAMPs) which alarm the immune system and ultimately trigger 

inflammation (reviewed in detail in 4). Apoptosis and necrosis do describe bona fide 

forms of cell death, whereas autophagy is mainly a form of cellular emergency 

mechanism that ensures survival in times of nutrient deprivation 6. 

Autophagy regulates the degradation of excessive or damaged cellular components 

including whole organelles thereby recycling valuable resources for cellular 

homeostasis. The interest in autophagy-associated cell death arose late in the history 

of cell death research 7, 8 and is today subject of intense investigation for the 
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Figure 1: Morphological differences of apoptotic, necrotic and autophagy–associated cell death. 
Apoptosis (top) is characterized by condensation of cell content including DNA (deoxyribonucleic acid, dark 
brown) followed by membrane blebbing and fractionation of cells into apoptotic bodies that are cleared by 
surrounding phagocytes. During necrosis (middle) cells and organelles undergo ‘oncosis’ (swelling). This finally 
leads to the loss of membrane integrity and the release of the cell content. Autophagy–associated cell death is 
characterized by the induction of autophagosomes (dark blue rings) that engulf cell organelles. The fusion of 
lysosomes (orange) with autophagosomes generates autolysosomes (blue rings with orange filling) that digest 
their contents. In some cases this leads to cell death (Mitochondria (red); Nucleus (light brown); Vesicles (blue); 
Endoplasmic reticulum (green); Golgi apparatus (violet with orange filling)). 

treatment of cancer 9. In contrast to autophagy, apoptosis was already defined by 

Kerr et al. in 1972 as the antagonist to mitosis (cell division) that destroys 

unnecessary cells during development 10. The inherently programmed nature of 

apoptosis made it the first extensively studied form of cell death. The whole field 

suddenly gathered pace with the development of modern genetic techniques 

including the establishment of Caenorhabditis elegans (C. elegans) as a model 

organism in 1976 11. Different genetic mutations in the nematode demonstrated the 

functional necessity of certain genes (ced-3 and ced-4) to induce cell death during 

development, proving that apoptosis is indeed a genetically well controlled cellular 

process 12. Since these early days apoptosis was used as a synonym not only for 

being the regulated form of cell death during development and homeostasis 13, but 

also for cell death occurring in many pathological conditions 14, 15. Even though the 

term necrosis actually refers to cell death in general it was understated for a long 
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time as mostly ‘accidental’ form of cell death caused by external factors like trauma 

or toxins, thus not following any well-defined genetic regulation. Recent findings 

however, suggested that apoptosis is neither the sole form of cell death during 

development 16, nor is necrosis a strictly unregulated, accidental form of cell death 17. 

This led to the reinvention of the field by turning away from the classical dichotomy 

programmed versus accidental cell death to incorporate newly emerging forms of 

regulated necrotic cell death 18. Today we understand cell death as a complex 

network of interacting players that integrate extra- and intracellular signals to 

determine the outcome of cell death or cell survival.  

 

1.2 Regulated forms of cell death 

1.2.1 Apoptosis 

What began with the identification of ced-3, ced-4 and ced-9 in nematodes 12 led to 

the characterization of a family of cysteine proteases, named Caspases, representing 

the critical components of apoptosis cell death signaling 19, 20. Apoptosis can be 

initiated via an intrinsic (mitochondrial) or extrinsic (death receptor) signaling 

pathway, which both culminate in the activation of the hallmark effector caspases 3 

and 7 21 (Figure 2). The intrinsic pathway is controlled by members of the anti-

apoptotic protein family consisting of B-cell lymphoma 2 (BCL-2), BCL-extra-large 

(BCL-XL) and myeloid leukemia cell differentiation 1 (MCL1), that keep the pro-

apoptotic multi-BCL-2 homology (BH) domain proteins (BAX) and BH antagonist 

(BAK) in check under physiological conditions 22 (Figure 2). Degradation or inhibition 

of BCL-2 family members by a variety of BCL-2 homology (BH3)-only motif proteins, 

that are activated during growth factor starvation, chemotherapy or irradiation (BH3-

interacting domain death agonist (BID), BCL-2 antagonist of cell death (BAD), p53 

upregulated modulator of apoptosis (PUMA), Phorbol-12-Myristate-13-Acetate-

Induced Protein 1 (NOXA) or BCL-2-interacting mediator of cell death (BIM) 23 lead to 

the release of BAX and BAK 22. Consequently BAX and BAK are believed to integrate 

in the mitochondrial membrane thereby disrupting the membrane potential, resulting 

in the release of cytochrome c and second mitochondrial activator of caspases 

(SMAC) into the cytosol 24-26. Cytosolic cytochrome c forms a complex with apoptotic 

protease-activating factor 1 (APAF1), the so called ‘apoptosome’, which activates 

initiator caspase 9. In the final step, effector caspases 3 and 7 become activated and 
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Figure 2: Intrinsic and extrinsic apoptosis signaling pathways in mammals. 

Apoptotic cell death signaling can be divided into an intrinsic (mitochondrial) and extrinsic (death receptor) 
pathway component. Both converge in the final execution mechanism mediated by effector caspases. The 
intrinsic pathway responds to a variety of chemotherapeutic agents as well as irradiation and growth factor 
withdrawal, leading to the activation of BH3‑interacting domain death agonist (BID), BCL‑2 antagonist of cell 
death (BAD), p53 upregulated modulator of apoptosis (PUMA), Phorbol-12-Myristate-13-Acetate-Induced Protein 
1 (NOXA) or BCL-2‑interacting mediator of cell death (BIM). Subsequently, anti- apoptotic BCL-2 proteins (BCL-
2, BCL-extra-large (BCL-XL) and myeloid leukemia cell differentiation 1 (MCL1)) are degraded which leads to 
mitochondrial integrity loss causing cytochrome c and second mitochondrial activator of caspases (SMAC) to be 
released. Cytochrome c forms a complex with the apoptosome, which activates caspases 3 and 7 by cleavage 
leading to apoptosis. Binding of death receptor ligands such as FAS ligand (FASL) or tumor necrosis factor α 
(TNFα) to their corresponding receptors of the tumor necrosis factor receptor (TNFR) family initiate the extrinsic 
apoptosis signaling pathway via formation of death inducing signaling complexes (DISC). DISC activate caspase 
8 which in turn activates effector caspases 3 and 7.Targeting key proteins for proteasomal degradation by 
ubiquitination plays a major role in regulation of apoptosis. Arrows marked with ubiquitin (Ub) indicate anti-
apoptotic actions; BCL2-Associated X Protein (BAX); BAK, BH antagonist or killer; Inhibitor of apoptosis proteins 
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(IAP); c-IAP, cellular IAP; FADD, FAS-associated death domain protein; FLIP, FLICE-inhibitory protein; ML-IAP, 
melanoma IAP; RIP1, receptor-interacting protein 1; tBID, truncated BID; TRADD, TNFR1‑associated death 
domain protein; TRAF2, TNFR-associated factor 2; XIAP, X chromosome-linked IAP). Figure adapted from 27. 

start to cleave a variety of protein substrates containing a hardly defined cleavage 

motif (substrate examples: BID, retinoblastoma (RB), poly (ADP-ribose) polymerase 

(PARP)28. This cleavage induces gain- or respectively loss-of-function of truncated 

proteins resulting in the disruption of essential cellular processes accompanied by the 

characteristic phenotypic appearance of apoptotic cell death 28. 

The extrinsic apoptosis pathway is initiated by binding of death receptor ligands such 

as cluster of FAS ligand (FASL) or tumor necrosis factor α (TNFα) to their 

corresponding surface receptors of the tumor necrosis factor receptor (TNFR) family 

leading to the formation of death-inducing signaling complexes (DISC) 29 (Figure 2). 

DISC consists of adapter proteins like FADD (FAS-associated DEATH domain 

protein) and TRADD (TNFR1-associated death domain protein) that along with 

procaspase 8 bind to the cytosolic domain of TNFR thereby mediating an 

extracellular into an intracellular signal. Activated by a proximity mechanism, 

procaspase 8 is activated and initiates the proteolytic cleavage of caspase 3 and 7, 

culminating in apoptotic cell death as described above. The intrinsic and extrinsic 

apoptosis pathways are crosslinked by BID, a substrate of caspase 8 that co-

activates the intrinsic pathway in its truncated form, tBID 30. Negative regulators of 

apoptosis are interfering with important pro-apoptotic proteins, thus fine-tuning the 

cellular response. FLICE-inhibitory protein (FLIP) for instance mitigates caspase 8 

activation in the DISC complex 31. Members of the inhibitor of apoptosis (IAP) family 

interfere with cell death at the level of caspase activation 27. Caspases 3, 7, 8 and 9 

are directly inhibited by XIAP/c-IAP. Additionally, E3 ubiquitin ligase activity of these 

proteins target pro-apoptotic substrates for proteasomal degradation, thus making 

XIAP/c-IAP important anti–apoptotic factors 27, 32 (Figure 2). SMAC on the other hand 

acts as an antagonist of XIAP 26, while itself being controlled by ML-IAP 33. In 

general, ubiquitination and deubiquitilation mechanisms that regulate protein activity 

and stability play fundamental roles during apoptosis signaling as reviewed in detail 

by Vucic and colleagues 27. Apoptosis, as a core mechanism of cell death, is 

antagonized by cell survival mechanisms, and is thus subject to interaction with the 

major regulators of cell survival like nuclear factor-κB (NF-κB) and p53 34 to result in 

cellular homeostasis. In this respect, TNFα signaling appears to be very dynamic as 
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it can promote cell death as well as cell survival or inflammation (via NF-κB 

activation), depending on the cellular context 35. 

 

1.2.2 Regulated forms of necrotic cell death 

Although best characterized, apoptosis is no longer considered the only form of 

regulated cell death. Starting with the identification of a caspase-independent form of 

cell death that is regulated by receptor interacting protein kinases (RIP) 36, 

investigations in the field of regulated necrotic cell death gained momentum by the 

discovery of different chemical inhibitors of necrosis 37-39. The attempt to classify the 

emerging forms of regulated necrosis led to the development of a “neologism jungle” 

beginning with the prototype of regulated necrotic cell death, called necroptosis 

(analogy to apoptosis). Designations like parthanatos, oxytosis, ETosis, NETosis, 

pyroptosis and ferroptosis followed the pioneer example of necroptosis, each named 

after a certain aspect of the cell death they describe. Even though these forms of cell 

death imply to discriminate from each other, some of these new forms of regulated 

necrotic cell death are far from being characterized as clearly distinct cell death 

modalities as some of them appear to engage common underlying mechanisms 40. 

Nevertheless, the fundamental definition of regulated necrosis can be summarized as 

a genetically controlled cell death process that leads to cytoplasmic granulation, 

organelle and cellular swelling (‘oncosis’) resulting in cellular leakage 18. The 

following chapters describe the signaling events of two distinct forms of regulated 

necrotic cell death. Hereby, necroptosis represents an already well- established cell 

death process, whereas the investigation and expansion of ferroptosis signaling is 

the subject of this dissertation. 

 

1.2.2.1 Necroptosis 

The coexistence of necrotic and apoptotic features during TNFα-induced cell death 41 

prompted researchers to investigate the underlying mechanisms. Among the first 

described and most crucial mechanisms that regulate the phenotypical switch from 

apoptosis to necrosis was caspase inhibition 42. Since apoptosis is blocked during 

caspase inhibition, an alternative cell death pathway mediated by a complex of 

receptor interacting serine/threonine kinase 1 (RIPK1) and receptor interacting 
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serine/threonine kinase 3 (RIPK3) takes over the cell death function 43. ‘Necrostatins’, 

a group of compounds that inhibit RIP1 kinase activity, are able to suppress the 

resulting cell death 37. The RIPK1/RIPK3 complex would otherwise naturally 

phosphorylate mixed linage kinase domain-like protein (MLKL) which subsequently 

oligomerizes to activate a pore forming machinery that integrates in the plasma 

membrane 38, 44, 45. The term ‘necroptosis’ was introduced to reflect the programmed 

nature of this caspase-independent form of regulated (as opposed to accidental) 

necrotic cell death 46. Necroptosis, unlike apoptosis, is a highly inflammatory process 

that results from the release of DAMPs 4. Hence, it is hardly surprising that 

necroptosis has been associated with a variety of inflammatory pathological 

conditions like vaccinia virus infections 47, inflammatory bowel disease 48, 

amyotrophic lateral sclerosis and multiple sclerosis 49. Even though the role of 

necroptosis in these diseases is not yet fully understood, inhibition of RIPK1 seems 

to mitigate their progression. Nevertheless, it is still difficult to assign a clear role for 

necroptosis in diseases, because the key players of the pathway RIPK1, RIPK3 and 

MLKL may harbor multifaceted functions 50. Yet with regards to viral infections, 

necroptosis can be seen as an evolutionary fail-safe mechanism when apoptosis fails 

to kill virally infected cells 4. The importance of such a mechanism can be further 

emphasized by the fact that different viruses have developed strategies to suppress 

both apoptotic and necroptotic cell death to secure the survival of infected cells and 

circumvent host defenses 4. 

The following chapter outlines the detailed molecular pathway of necroptosis 

signaling including known pharmacological compounds that interact with necroptosis. 

Necroptosis is one possible outcome of TNFα treatment. In that sense, TNFα mainly 

stimulates a pro-survival signal via the canonical NF‑κB and mitogen-activated 

protein kinase (MAPK) pathways, but depending on the cellular context can induce 

apoptosis or necroptosis (Figure 3) 50. Dimerized TNFR1 provides the platform to 

assemble the so-called ‘complex I’ consisting of TNFR1, TRADD, RIPK1, TRAF2 

(TNFR-associated factor 2), cIAP1, cIAP2 and the linear ubiquitin chain assembly 

complex (LUBAC). The ubiquitination status of RIPK1 plays the decisive role in the 

progression of TNF signaling. cIAP1 and 2 cause Lys63-linked poly-ubiquitination of 

RIPK1 that is the basis for the binding of TAK1 (transforming growth factor-β 

activated kinase 1) in complex with TAB1 (TAK1 binding protein 1), TAB2 and the 

inhibitor of the NF‑κB kinase (IKK) complex to activate canonical NF‑κB signaling 18.
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Figure 3: TNFR signaling cascade including pharmacological modulators. 
Ligand (TNF) binding initiates TNFR1 signaling via the formation of complex I (TNFR1, TRADD, RIPK1, TRAF2, 
cIAP1/2, LUBAC) 51-53. Complex I represents a hub for different modes of RIPK1 ubiquitination. cIAP1/2 perform 
Lys-63 linked ubiquitination (grey spheres) and LUBAC mediates linear ubiquitination (green spheres). The 
ubiquitination status of RIPK1 plays the decisive role in the progression of TNF signaling. High ubiquitination of 
RIPK1 favors the binding of NF‑κB signaling factors (i.e. TAK1, TAB1, TAB2, NEMO (NF‑κB essential 
modulator), IKKα and IKKβ) and triggers a pro survival response via the canonical NF‑κB pathway. Low 
ubiquitination of RIPK1 leads to the transition of complex I into complex II which can appear in three different 
forms dependent on the cellular context. The presence of cycloheximide (CHX) forces the formation of complex 
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IIa consisting of TRAD and FADD which activate caspase 8 that in turn activates effector caspases 3 and 7 
(RIPK1, RIPK3 and CYLD are also substrates of caspase 8) to execute apoptosis 53. Inhibition by SMAC mimetics 
or knockdown of cIAP1/2 54-57 as well as inhibition or depletion of TAK1 or NEMO leads to the formation of 
complex IIb. This complex (RIPK1, RIPK3, FADD and caspase 8) causes RIPK1-dependent apoptosis, a process 
that can be antagonized by pro-caspase 8–FLICE-like inhibitory protein long isoform (FLIPL) which is believed to 
cleave RIPK1, RIPK3 and CYLD 58-60. Complex IIc formation (the so-called ‘necrosome’) is dependent on RIPK3 
expression and conditions of low pro-caspase 8 and FLIPL expression 17, 47, 61. The interaction of RIPK1 and 
RIPK3 triggers several auto- and transphosphorylation steps that ultimately recruit and phosphorylate MLKL 38, 62. 
Phosphorylated MLKL can oligomerize and translocate to the plasma membrane, where it determines the 
necroptotic fate of the cell by forming a pore 63. Pharmacological compounds interacting with TNF signaling: 
SMAC mimetics (cIAP1/2 inhibitors); Z-VAD-FMK (pan-caspase inhibitor); Necrostatin-1 (Nec-1) is a kinase 
inhibitor of RIPK1 37 - Nec-1s and Cpd are more specific analogs of Nec-1 44, 64; PN10 is a hybrid molecule of 
Nec-1s and ponatinib 65; GSKʹ840, GSKʹ843 and GSKʹ872 inhibit RIPK3 kinase activity 66; Necrosulfonamide 
(NSA) and compound 1 are inhibitors of MLKL with additional effects on other steps of the necroptosis pathway 38, 

63 (ActD, actinomycin D). Figure reproduced from 50. 

Linear ubiquitination of RIPK1 mediated by LUBAC further enhances this pro-survival 

signal 67 (Figure 3). In contrast, reduced ubiquitination of RIPK1 induced by SMAC 

mimetics (cIAP inhibitors) or increased CYLD (Cylindromatosis) activity (de-

ubiquitination of RIPK1) destabilize complex I and force the formation of ‘complex II’ 

that is no longer bound to the receptor 50. Complex II (TRADD, FADD, RIPK1, RIPK3 

and Caspase 8) can occur in three different forms (complex IIa, IIb or IIc) (Figure 3) 
53. The formation of complex IIa (RIPK1-independent) and IIb (RIPK1-dependent) 

both execute apoptosis dependent on caspase 8 activity. Hereby, complex IIb is 

favored when RIPK1 ubiquitination enzymes, such as cIAPs, TAK1 and NEMO (NF‑

κB essential modulator) are depleted 68-70. The presence of pan-caspase inhibitor (Z- 

VAD- FMK) or the absence of FADD or FLIPL (FLICE-like inhibitory protein long 

isoform) can induce formation of complex IIc (‘the necrosome’) (Figure 3), provided 

RIPK3 and MLKL are expressed. FADD needs to be inactive, since it would 

otherwise activate caspase 8 and subsequently cleave RIPK1 71. The same 

correlation can be made for FLIPL which naturally cleaves RIPK1, RIPK3 and CYLD 

negatively regulating necrosome formation 60. RIPK1 and RIPK3 interact via the RIP 

homotypic interaction motif (RHIM). Their close proximity induces conformational 

changes and leads to auto- and transphosphorylation of both proteins. 

Phosphorylated RIPK3 recruits and, in turn, phosphorylates MLKL which triggers its 

oligomerization 62. MLKL oligomers have a high affinity to charged phospholipids, 

whereby they translocate to the cell membrane as a supramolecular protein complex 
63. At this point literature supports two theories by which phosphorylated MLKL could 

execute necroptosis. Oligomerized MLKL could directly form a pore into the plasma 

membrane or could recruit and deregulate Ca2+ or Na+ ion channels. Both 

mechanisms would disturb the intracellular osmotic pressure leading to oncosis 44, 45, 

72, 73. A variety of compounds are able to inhibit necroptosis on different levels. 
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Necrostatin-1 (Nec-1) was the first described inhibitor of RIPK1 kinase activity 37. 

Because of unspecific side effects, new analogs were developed with higher affinity 

and less off-target effects (Nec-1s, cpd27, PN10) 64, 65. Another group of inhibitors 

namely GSKʹ840, GSKʹ843 and GSKʹ872 can be used to inhibit RIPK3 66. Finally 

MLKL inhibitors like necrosulfonamide (NSA) and compound 1 intervene very 

downstream during necroptosis signaling even though they may also interfere with 

upstream events 38, 50, 63. 

 

1.2.2.2 Ferroptosis 

Before the term ferroptosis (from Greek “ferro”- iron and “ptosis”-fall) was introduced 

in 2012 by Dixon et al., the first ferroptosis inducers Erastin and RSL3 (RAS selective 

lethal 3) were discovered in synthetic lethal screens using small molecule libraries 74, 

75. Both compounds were shown to selectively kill cells expressing mutant isoforms of 

RAS in an isogenic background – thereby the mode of cell-death observed appeared 

to be completely different from apoptosis or necroptosis 75. Instead, cells rounded up 

and detached upon Erastin/RSL3 treatment and exhibited an altered mitochondrial 

morphology 74, 76. In fact, mitochondria shrunk and at the same time the membrane 

density increased accompanied by a reduction/lack of mitochondrial cristae 77. 

Subsequently, outer mitochondrial membrane rupture could be observed in wildtype 

mouse fibroblasts treated with the glutathione peroxidase 4 (Gpx4) inhibitor RSL3 78. 

Inhibition or genetic deletion of the key upstream regulator Gpx4 and lipid 

peroxidation mark the points of no return in the ferroptotic cell death cascade. On the 

other hand, ferroptosis does not involve structural changes in the nucleus or in 

chromatin structure 75. By contrast, a strong link to cellular iron content and lipid 

peroxidation could be made 76. Lipid peroxidation represents a hallmark of ferroptosis 

even though the precise mechanism by which lipid peroxides are generated is still 

unclear 79. Initially, iron-dependent Fenton reaction was speculated to be the driving 

force generating lipid hydroperoxides; however, the recent view favors a more 

biologically regulated mechanism involving the enzymatically catalyzed production of 

phospholipid hydroperoxides (PL-OOH) by members of the lipoxygenase family 79. 

GPX4 negatively regulates ferroptosis because of its unique function in reducing PL-

OOH to the corresponding alcohol (PL-OH). In order to perform this reaction, GPX4 

uses two molecules of glutathione (GSH; tripeptide: γ-L-glutamyl-L-cysteinylglycine, 
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GSH) that in turn get oxidized 80. Thus, it is not only important for the cell to have 

sufficient amounts of GPX4, but also to maintain the necessary level of intracellular 

GSH or other thiol-containing small molecules such as cysteine 81. Therefore, the 

cystine-glutamate antiporter, system xc
-, does also play a critical role in preventing 

ferroptosis by providing sufficient cysteine for GSH biosynthesis in the cell 82. As a 

consequence, the GSH/GPX4 axis represents the central pathway of ferroptosis. 

The discovery of this new form of iron-dependent regulated necrotic cell death raised 

promising opportunities in the field of anticancer therapy and showed to be relevant 

in a variety of physiological conditions (see chapter 1.2.2.2.5). In particular, the 

inhibition of ferroptosis by preventing lipid peroxidation is an attractive field for the 

development of small molecules like ferrostatin-1 and liproxstatin-1 with a wide range 

of applications from preventing ischemia/reperfusion damage to the treatment of 

neurodegenerative diseases 50. 

 

1.2.2.2.1 Molecular mechanisms of ferroptosis 

The following chapter describes the molecular players and processes involved in 

ferroptosis (Figure 4). When speaking of classical signaling cascades one usually 

assumes the propagation of a signal via protein modifications (phosphorylation or 

ubiquitination) from an upstream to a downstream effector. In the case of ferroptosis 

the signal is transduced via a series of metabolic processes rather than 

phosphorylation steps (Figure 4). Inhibition of system xc
- represents so far the most 

‘upstream’ point of ferroptosis induction at least in cellular and organoid systems 76. 

System xc
- transports cystine (two cysteine molecules linked via a disulfide bridge) 

into the cell in exchange for glutamate which is released into the extracellular space 
82, 83 (Figure 4). At least in cellular and organoid (ex vivo) conditions cells highly 

depend on this system since most extracellular cysteine exists in its oxidized form 

(cystine). After cystine is taken up it gets immediately reduced to cysteine by 

glutathione or thioredoxin reductase 1 (TXNRD1) (Figure 4) 84, 85. Alternatively, 

cysteine can be provided by the transulfurylation pathway that converts methionine to 

homocysteine, cystathionine and in a final step to cysteine (cystathionine gamma 

lyase, CTH), thus possibly bypassing the cells’ ‘dependency’ on system xc
- 86. 

Cysteine is subsequently used for the synthesis of GSH in two steps. The first 

reaction, which forms a γ-peptide bond between the γ-carboxyl group of glutamate 
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Figure 4: Upstream events in ferroptosis. 
System xc

- imports cystine (or cystathionine 87) into the cell and in turn releases one molecule of glutamate 83. 
Once taken up, cystine is reduced to cysteine by GSH or Thioredoxin reductase (TXNRD1) 85. Cysteine, which 
can also be provided by the transsulfuration pathway 86, is incorporated into nascent proteins or used for the 
biosynthesis of GSH. Two enzymatically catalyzed reactions generate GSH. First, a peptide bond is formed 
between the γ-carboxyl group of glutamate and the amino group of cysteine (γ-glutamylcysteine synthetase, γ-
GCS). The second reaction (catalyzed by Glutathion synthetase, GSS) adds a glycine to the carboxyl group of the 
cysteine to form the tripeptide GSH. GPX4 oxidizes two GSH molecules to GSSG and uses the electrons to 
reduce phospholipid hydroperoxides to their alcohol counterparts (PL-OOH to PL-OH) making GPX4 the critical 
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enzyme controlling the lipid peroxidation signal in ferroptosis 80, 81, 88. GSSG can be recycled to GSH in a redox 
reaction catalyzed by glutathione reductase (GSR), as long as the cell provides an equivalent amount of 
NADPH/H+. A variety of pharmacologic inhibitors have been shown to induce ferroptosis (red boxes): Erastin, 
glutamate, sulfasalazine, (S)-4-carboxyphenylglycine (S-4-CPG) and sorafenib for instance inhibit cysteine uptake 
via system xc

- 76, 84, 89-91; BSO inhibits γ-GCS; (1S, 3R)-RSL3 and altretamine inhibits GPX4 activity 81, 92. 
Compounds that inhibit ferroptosis (green arrows) include α-tocopherol, ferrostatins, liproxstatin-1 and 
deferoxamine (iron chelator) which counteract lipid peroxidation 76, 78.Abbreviations: Glutaminase (GLS), 
Cystathionine gamma-lyase (CTH), Cystathionine beta synthase (CBS), Lipoxygenase (LOX). Figure reproduced 
from 50. 

and the amino group of cysteine, is catalyzed by the enzyme γ-glutamylcysteine 

synthetase (γ-GCS) 93. To generate GSH, glycine is added to the C-terminal end of γ-

glutamylcysteine by glutathione synthetase (GSS) 94. GSH in its reduced form 

represents the major cellular antioxidant and is used as substrate by many different 

redox enzymes, of which GPX4 is the most critical one in terms of ferroptosis. GPX4 

is the sole isoform of the glutathione peroxidase family that is able to reduce oxidized 

phospholipids/cholesterols to their corresponding alcohols 80, whereby two GSH 

molecules are oxidized to yield glutathione disulfide (GSSG) (Figure 4). In other 

words, GPX4 prevents the accumulation of lipid peroxidation, a hallmark of 

ferroptosis 79. Even though it is known that some lipoxygenases (LOX) can catalyze 

the formation of PL-OOH, the origin as well as the localization and the molecular 

character of the lipid peroxides formed during ferroptosis have remained unclear. 

Like in the investigation of many biological processes, the discovery and 

development of compounds inducing or inhibiting ferroptosis helped to dissect its 

underlying molecular mechanisms. Ferroptosis inducing agents (FINs) of the class I 

including Erastin, glutamate, sulfasalazine and sorafenib are able to inhibit system xc
- 

76, 95, thereby leading to cellular cysteine starvation and thus GSH depletion (Figure 

4). Class II FINs (representatives being (1S, 3R)-RSL3 and altretamine), however, 

act downstream of GSH depletion supposedly by direct inhibition of GPX4 81, 92. L-

buthionine-sulfoximine 63 is a long known inhibitor of γ-GCS leading to GSH 

deprivation and substrate inhibition of GPX4 96. Since the signaling pathway of 

ferroptosis entails the major antioxidant systems of the cell dealing with lipid 

peroxidation, it is not surprising that administration of exogenous lipophilic 

antioxidants block ferroptosis. Natural antioxidants like α-tocopherol, but also 

synthetic ones like ferrostatins and liproxstatin-1, have great potential to inhibit the 

propagation of oxygen radicals and the formation of lipid peroxidation products 76, 78, 

97. 
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1.2.2.2.2 Genes and pathways modulating ferroptosis 

Despite its recent recognition only in 2012, big efforts have been made to identify 

modulators of ferroptosis to better understand the context of this cell death. Ever 

since research in this cell death paradigm has been initiated, the expression of 

mutant RAS (H-RAS, N-RAS and K-RAS) was considered to render cells prone to 

ferroptosis 77. In fact, the first ferroptosis-inducing compounds RSL3 and RSL5 were 

found to have greater toxicity in cells with constitutively active RAS compared to 

normal RAS 75. Yet evidence that mutant RAS expression indeed sensitizes to 

ferroptosis induction is still scant. In fact, many cells including fibroblasts, T-cells, 

neurons and kidney tubular cells are sensitive to ferroptosis without mutant RAS 

expression 78, 98-100. Some cell lines even show increased resistance to ferroptosis 

when overexpressing mutant RAS 101. One of the surprising links to ferroptosis came 

from the tumor suppressor gene p53, which was reported to be able to inhibit the 

expression of system xc
-, thereby modulating the sensitivity to ferroptosis in tumor 

cells. In other words ferroptosis participates in the p53-mediated tumor suppressor 

activity 102, 103. Another study was able to determine the serum components glutamine 

and transferrin being responsible for ferroptosis induction during serum-deprivation 
104, 105. The dependency on transferrin (major iron transporter in mammals) and other 

regulators of the cellular iron homeostasis is less surprising as iron was already 

reported to play a central role in ferroptosis execution (chelation of intracellular iron 

by deferoxamine protected from ferroptosis) 47 76, 78. Additionally, the presence of 

functional lysosomes, involved in a specialized autophagic process that degrades 

ferritin (ferritinophagy), was described to be a prerequisite for ferroptosis execution 
106. Glutaminolysis on the other hand was shown to be involved in ferroptosis via the 

increased production of mitochondrial reactive oxygen species (ROS). Consequently, 

depletion of core enzymes of this pathway (mitochondrial glutaminase isoform 2 and 

glutamic–oxaloacetic transaminase1) and inhibition of glutaminase by Compound 

968 were able to attenuate cellular ROS production and ferroptosis induction 105. α-

Ketoglutarate dehydrogenase dependent ROS production was already observed in 

earlier studies 107, thus this process might contribute to the observed mitochondrial 

changes observed during the early phases of ferroptosis induction 78. 

In general mitochondria exhibit large amounts of redox equivalents in the form of 

GSH that can buffer ROS generated as byproduct of respiration108. However, ROS 

from additional sources (for instance NADPH-oxidases (NOX), nitric oxide synthases 
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(NOS)) can quickly deplete the GSH pool and induce mitochondrial damage 109. 

Usually, cells can cope with increasing oxidative stress by adjusting their antioxidant 

capacity, a process that is regulated by nuclear factor erythroid 2-related factor 2 

(NRF2) and kelch-like ECH-associated protein 1 (Keap1). NRF2 is a transcriptional 

activator containing a basic leucine zipper motif that binds to the antioxidant 

response element (ARE) of cytoprotective genes, such as system xc
-, γ-GCS, 

glutamate-cysteine ligase modifier subunit (GCLM), glucose-6-phosphate 

dehydrogenase, malic enzyme 1, glutathione S-transferases, thioredoxin reductase 1 

and peroxiredoxin 1, and induces their expression 110-120. Keap1 on the other hand is 

a thiol rich redox sensor protein that regulates NRF2 by ubiquitination and 

proteasomal degradation, maintaining a low antioxidant response under physiological 

conditions 111, 121. Elevated expression of system xc
- in an NRF2-dependent manner 

was indeed shown to increase resistance to ferroptosis induced by Erastin and 

sorafenib in hepatocellular carcinoma cells 122. Alternatively, Erastin had previously 

been shown to interact with voltage-dependent anion channels 2 and 3 (VDAC 2/3) 

but not VDAC1 77, whereby Erastin dissociates tubulin from VDAC leading to 

increased oxidative mitochondrial metabolism and decreased glycolysis 123. 

Additionally, Erastin -induced ferroptosis in Calu1 and HT1080 cells is dependent on 

NOX (NADPH oxidase) activity and consequently pharmacological inhibition of the 

enzyme or knockdown of key enzymes of the pentose phosphate pathway (PPP), 

producing the NOX substrate NADPH, ameliorate this form of cell death 76. 

Specifically, lipid metabolism might be closely linked to ferroptosis. As lipid bilayers 

usually contain polyunsaturated fatty acids (PUFAs) important for increasing 

membrane fluidity and flexibility 124 as well as lipid-related signaling (e.g. eicosanoids 

produced from arachidonic acid, AA), they are highly prone to oxidative modification. 

PUFAs unlike their saturated counterparts may become oxidized causing lipid 

peroxidation and leading to the generation of toxic lipid peroxidation by-products 97. 

Lipid peroxidation, which is counteracted by GPX4, is considered a hallmark of 

ferroptosis even though its mechanism requires further in-depth studies. A recent 

genetic screening in human haploid cells (KBM7) revealed two players, i.e. 

lysophosphatidylcholine acyl-transferase 3 (LPCAT3) and acyl-CoA synthetase long 

chain family member 4 (ACSL4), being linked to PUFA metabolism, that promote 

ferroptosis induced by RSL3 and ML162 but not by Erastin 125. However, the detailed 

mechanism of how this is brought about has not been further detailed in that study. 
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Interestingly, both enzymes show substrate preference for AA (eicosatetraenoic acid 

(C20:4), a PUFA that has been associated with ferroptosis previously 78). In this 

study, it was shown that oxidized species of AA including 5-hydroxyeicosatetraenoic 

acid (HETE), 11-HETE, 15-HETE but not 12-HETE are secreted into the medium of 

cells undergoing ferroptosis. Along the same line, treatment of cells with exogenous 

5,12 or 15-hydroperoxyeicosatetraenoic acid (HpETE) and not 15-HETE (15-HETE is 

generated by reduction of 15-HpETE) is able to accelerate ferroptosis induced by 

GPX4 deficiency demonstrating that peroxidation products of AA participate in the 

lethal signal of ferroptosis 78. The mechanism of lipid peroxide formation, however, is 

still unclear. Even though AA is a known substrate of enzymes of the lipoxygenase 

(LOX) family, which catalyze the introduction of hydroperoxides into lipids, the 

involvement of LOX enzymes in ferroptosis was not finally proven. Although the KO 

of 12/15-lipoxygenase (Alox15) conferred resistance to BSO-induced cell death in 

cells, no rescuing effect could be observed in a model of inducible Alox15/Gpx4 

double KO mice 78, 88. Yet, it needs to be explored whether there is “partial” 

redundancy among various LOX enzymes that are able to generate the lipid 

hydroperoxide species necessary for ferroptosis execution. Nevertheless, the nature 

and source of the “lethal lipid signal” generated in ferroptosis (Fenton reaction with or 

without the involvement of LOX/NOX proteins) remains to be shown 78. The current 

opinion considers the generation of lipid peroxidation products outside of the 

mitochondrial matrix responsible for the initiation of ferroptosis, although 

mitochondrial trafficking of these lipid peroxides might participate in ferroptosis 

execution. In fact, knockdown of the mitochondrial lipid transport protein sterol carrier 

protein 2 (Scp2) was shown to partially rescue ferroptotic cell death 78. Alternatively, 

initial lipid peroxidation can give rise to lipid peroxidation breakdown products, which 

are primarily reactive aldehydes (electrophiles), such as 4-hydroxynonenal (4-HNE) 
126 that can modify critical nucleophilic residues (i.e. cysteine) of putative signaling 

proteins 127. Aldo-keto reductases catalyze the reduction and thus detoxification of 

reactive aldehydes species, a process that appears to present a critical mechanism 

of ferroptosis since overexpression of aldo-keto reductases (AKR1C1-3) is 

associated with increased ferroptosis resistance 89. Therefore, there are still many 

questions to be solved about the execution mechanisms of ferroptosis, especially 

downstream of lipid peroxidation. For instance, what are the exact lipid species that 

mediate the lethal signal in ferroptosis? Is a structured molecular signaling cascade 
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involved downstream of lipid peroxides or is the mechanism driven by non-specific 

lipid peroxidation and membrane disintegration?  

 

1.2.2.2.3 Iron homeostasis and ferroptosis 

The inherent iron-dependency was eponymous for coining the term “ferroptosis”. 

Even though it is accepted that iron is involved in ferroptosis, as iron chelation by 

deferoxamine (DFO) can prevent cell death 76, the precise mechanism remains 

elusive. Ferrous iron (Fe2+) which is particularly reactive is thought to exist in the cell 

in parts as the so-called “labile iron pool” 128. This labile iron (Fe2+) may participate in 

redox reactions with H2O2 already 

described in the late 19th century by 

Henry John Horstman Fenton after whom 

the reaction was named (Figure 5). In the 

cellular compartment additional reactions 

summarized as Haber–Weiss cycle can 

complement the Fenton reaction by 

regeneration of the ferrous iron. Thereby, 

these reactions constitute a steady 

source of hydroxyl and peroxyl radicals 

(Figure 5) that can generate unspecific 

lipid peroxidation products and 

participate in the amplification of different 

ROS species. Apart from this general 

ROS generating mechanism, iron is a 

critical structural element of many redox enzymes including the LOX protein family, 

which can specifically introduce molecular oxygen into unsaturated lipids resulting in 

lipid hydroperoxides 129-131. In this context, iron chelation may facilitate the 

simultaneous inhibition of some of the relevant iron-dependent redox enzymes 

resulting in the inhibition of ferroptosis. This may point to a functional redundancy of 

the LOX enzymes to produce the toxic lipid peroxidation during ferroptosis. In line 

with this consideration the genetic ablation of 12/15 LOX on a Gpx4 KO background 

does not confer increased ferroptosis resistance 78. 

Figure 5: Fenton reaction and Haber-Weiss cycle. 

Fenton reaction (blue background): Fe(II) reacts with 
hydrogen peroxide (H2O2) and forms Fe(III), a hydroxyl 
radical (OH.) and a hydroxyl anion (OH-). In cells the 
OH. will readily damage DNA, proteins or lipids. 
Otherwise, the OH. can react with another Fe(II) to form 
a OH-. The Haber –Weiss cycle (red background) 
describes the reaction of the hydroxyl radical with 
hydrogen peroxide to form a peroxyl radical. This 
generally happens in excess of hydrogen peroxide and 
can lead to regeneration of Fe(II) from Fe(III) resulting in 
oxygen production as a byproduct. 
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Since cellular iron content presents a critical factor that can determine ferroptosis 

sensitivity 76, genes and mechanisms involved in iron homeostasis are of great 

interest with regard to ferroptosis research. Iron can enter the cell either bound to 

transferrin (Tf) or as non-transferrin bound iron (NTBI). Tf-mediated iron transfer 

 
Figure 6: Iron metabolism. 
Iron can enter the cell as transferrin bound or non-transferrin bound iron (NTBI). Transferrin (Tf)-mediated uptake 
requires binding of loaded Tf to its receptor (TfR) followed by endosomal uptake 132. Acidification of the endosome 
releases Fe(III) from Tf so that the metalloreductase STEAP3 (six-transmembrane epithelial antigen of prostate 3) 
can reduce it to Fe(II) 133. Subsequently, Fe(II) gets transported into the cytosol by divalent metal transporter 1 
(DMT1) or ZIP8/14 (members of the solute carrier protein family 39) 134-136. In contrast, NTBI utilizes the 
ferrireductase activity of the prion protein PRNP to promote ZIP8/14-mediated direct uptake of iron 135. Once 
inside the cell, Fe(II) can exist in the so-called “labile iron pool” or be bound to iron chaperones like poly(rC)-
binding proteins PCBP1 and PCBP2 that are involved in cellular iron distribution. Specifically, PCPB2 transports 
Fe(II) that is determined for export via ferroportin, metalation of apo-proteins or storage in ferritin 137-140. Hepcidin, 
a small peptide hormone that regulates circulating iron levels in the organism, inhibits ferroportin 141. Figure 
adapted from 142. 
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requires the endosomal uptake of Tf (loaded with two Fe(III) atoms) which is bound to 

its receptor (TfR1) 132 (Figure 6). Subsequent acidification of the early endosome 

liberates Fe(III) from Tf. STEAP3 (six-transmembrane epithelial antigen of prostate3) 

reduces the free Fe(III) to Fe(II) 143, which is transported into the cytosol by divalent 

metal transporter 1 (DMT1) or by ZIP8/14 (members of the solute carrier protein 

family 39) (Figure 6). DMT1 is actually the preferred iron transporter under acidified 

conditions (pH<5.5) 134, whereas ZIP8/14 show maximal activity at close to 

physiological pH giving every transporter a unique physiological role 135, 136. This is 

why ZIP8/14 can also be used for direct uptake of NTBI 144, circumventing the 

necessity of endocytosis and acidification. The interaction of the prion protein PRNP, 

a ferrireductase, with ZIP14 can further accelerate NTBI uptake 135. Upon entering 

the cytosol ferrous iron can hypothetically contribute to the so called “labile iron pool”, 

consisting of unbound (labile) iron that participates in cellular redox reactions as 

discussed above 145. Researchers often refer to the labile iron pool in order to 

rationalize the effect that increasing iron levels entail elevated cellular ROS stress 128. 

Yet emerging evidence shows that most intracellular Fe(II) can be safely caged by a 

family of poly(rC)-binding proteins (PCBP) acting as iron chaperones to deliver the 

fragile cargo to its foreseen destination 137-140 (Figure 6). This process involves the 

delivery of Fe(II) to ferritin, the major iron storage protein of the cell, which can form a 

stable protein-metal complex and safely deposit up to 4500 iron atoms in a non-toxic 

mineralized form 137, 138, 146 (Figure 6). Interestingly, intestinal cells can directly take 

up ferritin from dietary sources to maintain iron levels in the organism 147. Iron is a 

critical structural and functional component for many non-heme proteins that require 

its incorporation into apo-proteins to form active enzymes (Figure 6). In this regard, 

iron transferred by PCBP2 and PCBP1 is necessary for iron-dependent prolyl 

hydroxylases (PHDs) and asparaginyl hydroxylase (FIH1) that play an important role 

in inactivating hypoxia-inducible factor (HIF) 140. HIF is a transcription factor that 

regulates the cellular oxygen supply 148. Besides this, PCBP2 was also reported to 

have affinity to ferroportin making room for speculations about its possible role in iron 

export 139. Hepcidin, which inhibits and degrades ferroportin, is a small peptide 

hormone that is exclusively produced in the liver to regulate iron homeostasis in the 

whole organism (Figure 6) 141. 

Intracellular iron content is regulated on the post-transcriptional level of iron 

metabolism genes. A structural RNA element (iron responsive element, IRE) found in 
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most of the iron metabolism genes displays an iron-sensitive docking platform for the 

iron regulatory protein (IRP). Low iron content promotes the interaction of IRP with 

IRE, whereas high levels promote their dissociation. The translational effect of IRE-

IRP interaction is dependent on the location of the IRE, which can be present either 

in the 5’- or 3’-untranslated region (UTR) of target genes 149, 150. While IRE-IRP 

interaction at the 5’-UTR facilitates translational repression, binding of IRP to the IRE 

in the 3’-UTR stabilizes the mRNA of the target gene enhancing its expression levels 
151. Genes responsible for iron storage (ferritin subunits) and iron export (ferroportin) 

harbor IREs in the 5’-UTR and are therefore expressed in conditions of high cellular 

iron and repressed during iron starvation. On the other hand, genes that regulate iron 

uptake (TfR1, DMT-1) have an IRE in the 3’-UTR that increases their expression 

when cells require iron 142. 

 

1.2.2.2.4 Relevance for diseases 

In vivo relevance of ferroptosis has been mainly studied using ferroptosis inhibitors in 

pathological conditions. Specifically, ischemia/reperfusion injury (IRI) scenarios seem 

to benefit from the application of anti-ferroptosis agents. Liproxstatin-1, a recently 

described inhibitor of ferroptosis, is able to reduce the kidney tissue damage and 

delay the early death of inducible Gpx4 KO mice suffering from acute renal failure 78. 

In line with this, ischemia/reperfusion (IR) provoked liver and kidney damage is 

mitigated by ferroptosis inhibitors (ferrostatins, liproxstatin-1) reinforcing the 

involvement of ferroptosis as a deleterious mechanism of IRI in these organs 78, 98. 

Corroborating with this findings, extensive hepatocellular degeneration caused by 

ferroptosis is observed in a hepatocyte specific Gpx4 KO (inducible) mouse model 
152. 

The involvement of ferroptosis in tissue demise are evident in tissues with high 

steady state expression of Gpx4 meaning that its expression levels may predict the 

sensitivity to ferroptosis in some cases as evidenced in a model of kidney 

transplantation (Tobias Seibt, Marc Weidenbusch, Hans-Joachim Anders, personal 

communication). This is why new insights into the in vivo relevance of ferroptosis so 

far come mainly from investigations of transgenic mice carrying genetically modified 

Gpx4 alleles. The conditional-KO of Gpx4 in the brain revealed a critical role for 

neuronal development and homeostasis as manifested by the induction of 



  INTRODUCTION 

- 21 - 

neurodegeneration 88, 153, 154. This observation was confirmed by another group that 

detected hippocampal neuron loss and premature death of inducible Gpx4 KO mice 
100. Interestingly, Gpx4 downregulation and accumulation of oxidized lipid breakdown 

products have been identified in a mouse model of Alzheimer’s disease 155. Vice 

versa, heterozygous Gpx4 KO mice show increased numbers of amyloid plaques (a 

hallmark of Alzheimer’s disease) probably caused by lipid peroxidation mediated 

upregulation of the β-secretase BACE1 (β-site of APP cleaving enzyme) 156. Neurons 

seem to be remarkably sensitive to ferroptosis as demonstrated by many studies that 

support its role in neuropathological conditions like traumatic brain injury 157, 

cerebellar hypoplasia 154, Huntington and Parkinson’s disease 158-160. 

Besides, in kidney tubular cells and some neuronal subpopulations Gpx4 was also 

shown to prevent from retina degeneration 161, and was essential for hair follicle 

development 162. Furthermore, GPX4-deficient T-cells fail to expand and protect from 

lymphocytic choriomeningitis virus infections which can be rescued by the application 

of the antioxidant α-tocopherol 99. In line with this, Gpx4 was found to be necessary 

for the survival of hepatocytes in mice carrying hepatocyte specific inducible KO of 

Gpx4. α-tocopherol rich diet preserves physiological liver function in these mice 152. 

The regulated nature of ferroptosis raised hope for its potential application as an anti-

cancer mechanism. In fact, some tumors strongly rely on GPX4 and system xc
- 

expression probably to support high levels of metabolic ROS (Warburg effect), 

making them potential targets for ferroptosis therapy. Next generation FIN’s, which 

still exhibit broad cytotoxic effects, hold the potential to become these potent anti-

tumor agents once the exact ferroptosis metabolic signature and resistance 

mechanisms have been explored 81. 

On the other hand, an earlier study using c-MYC, RAS transformed fibroblasts with 

two conditional Gpx4 KO alleles demonstrated that Gpx4 is dispensable for 

subcutaneous tumor growth while being essential for normal proliferation on cell 

culture dishes, indicating that data generated by cellular studies cannot always be 

transferred to the in vivo situation 163. Lacking their protective and reductive 

environment, cells are particularly prone to ferroptosis in vitro. In this context 

inhibition of ferroptosis improved the direct reprogramming of astrocytes to neurons 

by preventing lipid peroxidation that is generated during the switch from glycolytic to 

oxidative energy metabolism 164. 
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1.3 CRISPR-Cas technology as a tool to investigate cell death modulators 

Forward genetic approaches have been very successful to identify signaling players 

of widely unknown pathways such as RAS and Notch signaling 165. However, most 

recent advances in the field of genome engineering contributed to the discovery of an 

easily targetable nuclease that led to a revival of this approach 166. CRISPR 

(clustered regularly interspaced short palindromic repeats)-Cas (CRISPR associated) 

is an adaptive immune system in bacteria and archaea that provides immunization to  

foreign DNA of invading phages 167. Similar to the innate immune system of 

vertebrate, CRISPR-Cas memorizes previous infections to be able to mount an 

immediate response upon reinfection 168. The bacteria compile a record of the 

invaders DNA consisting of ~20-50 base-pair (bp) and incorporate these so-called 

“spacers” into a series of direct repeats of similar length. This CRISPR array includes 

an AT-rich leader sequence that serves as promoter and is localized in the genome 

of the host together with an operon of multiple CRISPR associated proteins (Cas 1, 

Cas 2 and Cas 9) and a small trans-activating crRNA (tracrRNA) that regulates Cas 2 

and Cas 9. The tracrRNA regulates spacer acquisition, CRISPR RNA (crRNA) 

biogenesis and target interference (for simplicity only the type II CRISPR system is 

described) 169-171. The adaption of new spacers is a specific process that depends on 

the presence of a certain 2-5 nucleotide pattern, the so-called protospacer adjacent 

motif (PAM) 172. Cas9 recognizes this PAM sequences in foreign DNAs and primes 

them for the binding of a CAS1/2 complex, which processes the selected spacer and 

subsequently inserts it in an integrase-like reaction directly after the leader sequence 

of the CRISPR array 173-176 (Figure 7). The PAM sequence itself is not incorporated 

during this procedure, thus representing a mechanism to distinguish between foreign 

DNA targets and self-targeting 169. Transcription of the whole CRISPR array is primed 

by the leader sequence and results in a long precursor CRISPR RNA (pre-crRNA) 

consisting of a repeating pattern of spacer and repeat sequences 177, 178. In order to 

generate single crRNAs, the pre-crRNA must be processed via RNase III which is 

guided to the repeat sequences by a Cas9 tracrRNA complex 179. The mature 

crRNAs are incorporated into the effector nuclease complex consisting of Cas9 and 

tracrRNA that recognize the memorized intruder DNA pattern during reinfection and 

induces local double strand breaks dependent on the presence of the PAM motif 180, 

181 (Figure 7). By this mechanism the CRISPR-Cas immune system interferes with 

reinfection of the host by degradation of phage DNA (Figure 7). The enormous 
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potential of programmable and sequence- specific nucleases has driven researchers 

to develop new CRISPR-Cas- based tools for DNA manipulation. In particular, the 

ease by which the introduction of double strand breaks can be directed in a site-

specific manner, even though restricted to the presence of PAM sites, makes 

CRISPR a most powerful tool for targeted genome editing and mutagenesis in 

 
Figure 7: CRISPR-Cas is an adaptive immune system in prokaryotes. 
The CRISPR-Cas immune response can be described in three phases. Foreign DNAs from phage infections 
trigger the adaption machinery to select and acquire new spacer sequences. Thereby, CRISPR associated 
protein 9 (Cas9) identifies suitable sites that containing the necessary 2-5 bp protospacer adjacent motif (PAM). 
The acquisition complex consisting of Cas1 and Cas2 binds to the selected sites, processes the DNA and 
integrates the new spacer into the CRISPR array right behind the leader sequence. Transcription of the locus 
starting from the leader sequence yields a long precursor CRISPR RNA (pre-crRNA) that is subsequently 
processed into single CRISPR RNAs (crRNAs) by RNase III in concert with Cas9 and trans-activating CRISPR 
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RNA (tracrRNA) Cas9 forms an effector nuclease complex together with a specific crRNA and the tracrRNA which 
recognizes and cleaves foreign nucleic acids containing the acquired spacer. Figure adapted from 169. 

eukaryotic cells 182. Subsequent engineering led to the fusion of the crRNA with the 

tracrRNA into on single guide (sgRNA) to simplify the application of CRISPR as a 

two-component system 183. Lenti- or retroviral based delivery of both components 

(Cas9 and sgRNA) is a convenient way to ensure sufficient expression of the 

CRISPR system (Figure 8). So far, Cas9-based genome editing has been 

successfully demonstrated in most organisms from bacteria, fungi, plants up to mice, 

primates and even human cells 184. Thereby, genome editing utilizes the endogenous 

DNA repair mechanisms of the cell that can sense sites of double strand breaks 

(DSB). While homology-directed repair (HDR) is the mechanism that can be exploited 

for the precise incorporation of exogenous DNA templates, non-homologous end-

joining (NHEJ) represents a more error prone process that repairs DNA ends without 

proofreading, thus creating uncontrolled insertions or deletions (indel mutations) at 

the site of DSB 185 (Figure 8). NHEJ generally occurs more frequently than HDR, 

particularly when no template DNA is provided after DSB. By targeting the effector 

nuclease complex to exonic regions without offering a DNA template, one can 

deliberately cause loss-of function mutations of a gene of interest using the NHEJ 

machinery. Indel mutations commonly disrupt the reading frame of the target gene, 

thus inducing premature stop-codons and possibly non-sense mediated decay (NMD) 

of the transcript (Figure 8) 166, 186. Since NHEJ-mediated repair occurs independently 

on individual alleles, Cas9-dependent gene targeting can result in a variety of mixed 

heterozygous or bi-allelic modifications in diploid cells. Because of its programmable 

nature to induce loss-of function mutations, the Cas9 sgRNA system can be used to 

design genome-wide KO screens in diploid cells. For this purpose, lentiviral sgRNA 

libraries, that contain multiple guides per gene, are already available to screen in 

human and mouse cells 187, 188. In particular, synthetic lethal screenings using cell 

death inducing agents as selective marker might display the cutting edge technology 

to uncover novel cell death relevant genes. 
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Figure 8: Targeted genome editing using the CRISPR system. 

Engineered as a two-component system (Cas9 and sgRNA) CRISPR can be delivered to any cell using viral 
transduction. After nuclear import and genome integration, transgenes are stably expressed and form the Cas9-
sgRNA complex. The complex targets DNA based on sgRNA interaction and introduces local double strand 
breaks. Non-homologous end-joining (NHEJ), an error prone DNA repair mechanism, introduces small insertions 
or deletions (indels) in the attempt to repair the damaged site. When targeting exons, this usually results in a shift 
of the reading-frame generating pre-mature stop codons downstream of the indel. Hence, this leads to loss of 
function or truncation of the corresponding protein, which can be accompanied by non-sense mediated decay of 
the corresponding transcript. Figure adapted from 166. 
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2 AIM OF THE PROJECT 

Ferroptosis, a recently described form or regulated necrotic cell death, is implicated 

in a variety of pathological conditions including ischemia reperfusion injuries and 

neurodegeneration. The signaling events of ferroptosis are controlled by the 

antioxidant systems of the cell and can therefore be described as metabolically-

driven in contrast to classical protein signaling cascades that appear during 

programmed cell death pathways (apoptosis/necroptosis). Glutathione peroxidase 4 

(Gpx4) is considered the master regulator of ferroptosis as it represents the (so far) 

only enzyme that can protect cells from the accumulation of toxic levels of 

phospholipid peroxides (a hall mark of ferroptosis) by converting them to their 

corresponding alcohols. Since Gpx4 mainly uses glutathione (GSH) as electron 

donor to catalyze this reaction, genes involved in the production and regeneration of 

GSH are considered critical for ferroptosis signaling. However downstream of Gpx4 

not much is known about the genes and processes that influence lipid peroxidation 

and ferroptosis execution. 

This study was aimed at identifying novel players of the ferroptosis signaling 

pathway. We were particularly interested in mechanisms influencing the lipid 

peroxidation events which occur downstream of Gpx4 inactivation. To gain further 

insights into these processes, different gene KO/knockdown screening approaches 

should be applied using existing in vitro models of ferroptosis. Subsequently, newly 

discovered mediators of ferroptosis should be characterized in detail. 
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3 MATERIAL AND METHODS 

3.1 Materials 

Chemicals     Supplier   Catalog no. 
 
11,14,17-Eicosatrienoic acid   Cayman Chemicals   90192 
11,14-Eicosadienoic acid    Cayman Chemicals   90330 
2,2-Diphenyl-1-picrylhydrazyl (DPPH)   Sigma-Aldrich    D9132-1G 
2-Nitrobenzoic acid    Sigma-Aldrich    127698 
4-Hydroxytamoxifen (TAM)   Sigma-Aldrich    H7904 
5,5′-Dithiobis(2-nitrobenzoic acid)   Sigma-Aldrich    D8130 
5,8,11-Eicosatrienoic acid    Cayman Chemicals   90190 
8,11,14-Eicosatrienoic acid   Sigma Aldrich    E4504 
Acetic acid     Sigma-Aldrich    695092 
Adrenic acid     Cayman Chemicals   90300 
Ammonium acetate    Sigma-Aldrich    A1542 
Ampicillin      Sigma-Aldrich    69-52-3 
Ampicillin     Sigma-Aldrich    A9518 
Kanamycin sulfate    Sigma-Aldrich    K0129 
Antimycin A     Sigma-Aldrich    A8674 
apo-Transferrin human    Sigma-Aldrich    T1147 
Arachidic acid     Cayman Chemicals   9000339 
Arachidonic acid     Cayman Chemicals   90010-100 
Auranofin     Sigma-Aldrich    A6733 
Azelaoyl PAF     Sigma-Aldrich    A6850 
Blasticidine S hydrochloride   Sigma-Aldrich    15205 
BODIPY 581/591 C11    Life Technologies    D3861 
Bovine Serum Albumin Fraction V   Roche     10735108001 
Brilliant Blue R     Sigma-Aldrich    27816-25G 
Bromophenol Blue     Sigma-Aldrich    B0126-25G 
BSA, fatty acid free    Roche     10775835001 
Calcium Chloride     Sigma-Aldrich    C1016 
cis-11-Eicosenoic acid    Sigma-Aldrich    E3635 
Coenzyme A sodium salt hydrate   Sigma-Aldrich    C3144 
cOmplete™ Protease Inhibitor Cocktail  Roche     1697498001 
Cytochalasin-D     Sigma-Aldrich    C8273 
Deoxynucleoside Triphosphate Set   Roche     11969064001 
Doxycycline hyclate    Sigma-Aldrich    D9891-1G 
Diethyl ether     Sigma-Aldrich    296082 
DL-Dithiothreitol (DTT)    Sigma-Aldrich    D0632-1G 
DMSO       Sigma-Aldrich    D2650 
DNA Agarose     Biozym     870055 
DNA loading Dye 6x    Thermo Fisher     R0611 
Docosahexaenoic acid    Cayman Chemicals   90310 
EDTA      Sigma-Aldrich    E9884 
Eicosapentaenoic acid    Cayman Chemicals   90110 
Eosin solution     Roth Carl    X883.1 
Epon™ substitute embedding medium kit   Sigma Aldrich    45359 
Erastin      Sigma-Aldrich    E7781 
Ethanol (EtOH)     Merck     1009831000 
Etoposide     Sigma-Aldrich    E1383 
FCCP      Sigma-Aldrich    C2920 
Ferric citrate     Sigma-Aldrich    F3388 
FerroZine™     Sigma-Aldrich    160601 
Fetal Calf Serum (FCS) LOT41Q6942K  Thermo Fisher    10270 
Glacial acetic acid    Sigma-Aldrich    1005706 
Glutaraldehyde Sodium Cacodylate Buffer  Science services    15960 
Glycerol      Sigma Aldrich    G5516-100ML 
Glycine      Sigma-Aldrich    G8898-500G 
GW1929     Sigma-Aldrich    G5668 
Haemalaun solution    Roth Carl    T865 
Hydrochloric Acid (HCl)    Sigma-Aldrich    H1758 
Hydrogen peroxide    Roth Carl    8070.2 
Hygromycin B     Thermo Fisher    HY067-L7 
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Imidazole     Sigma-Aldrich    I2399 
Irinotecan     Sigma-Aldrich    I1406 
Iron (Fe)      Sigma-Aldrich    12310 
Kanamycin     Sigma-Aldrich    70560-51-9 
L-a-Phosphatidylcholine    Sigma-Aldrich    P7443-100MG 
L-Ascorbic acid     Sigma-Aldrich    A92902 
LB Broth powder     Sigma-Aldrich    L3022 
L-Buthionine sulfoximine     Sigma-Aldrich    B2515 
L-Glutamine (200 mM)    Thermo Fisher    25030081 
L-Glutathione (GSH)    Sigma-Aldrich    G6013 
Lead(II) citrate      Sigma-Aldrich    C6522 
Linoleic acid     Cayman Chemicals   90150 
Liperfluo      Dojindo Molecular Technologies  L248-10 
L-Sulforaphane     Sigma-Aldrich    S6317 
Luperox ® tert-Butyl hydroperoxide  (tBOOH  Sigma-Aldrich    458139 
Magnesium Chloride    Sigma-Aldrich    1374248-1G 
Magnesium sulfate (MgSO4)   Sigma-Aldrich    M2643 
Menadione     Sigma-Aldrich    M5625 
Methanol     Sigma-Aldrich    322415 
Methylene blue     Sigma-Aldrich    M9140 
Miglyol      ChemTik    CTK5E4513 
MISSION® LentiPlex® Mouse Pooled shRNA Library Sigma-Aldrich    SHPM01 
Mitoxantrone     Sigma-Aldrich    M6545 
MOPS      Sigma-Aldrich    M1254 
NADPH      Roche     10621706001 
Neocuproine     Sigma-Aldrich    N1501 
Ni-NTA Agarose     Qiagen     30210 
Nocodazole     Sigma-Aldrich    M1404 
Oleic acid     Cayman Chemicals   90260 
Oligomycin A     Sigma-Aldrich    75351 
Osmium tetroxide solution    Sigma Aldrich    75632-5ML 
Paclitaxel     Sigma-Aldrich    T7402 
Paraformaldehyde    Sigma-Aldrich    P6148-1KG 
Penicillin-Streptomycin-Glutamine (100X)  Thermo Fisher    10378016 
Phen Green SK, diacetate    Sigma-Aldrich    P14313 
Phenylarsine oxide (PAO)    Sigma-Aldrich    P3075 
Pioglitazone     Sigma-Aldrich    CDS021593 
Potassium acetate    Sigma-Aldrich    P1190 
Potassium permanganate (KMnO4)   Sigma-Aldrich    223468 
Potassium phosphate    Sigma-Aldrich    P5655 
1,2-Propylene oxide     Merck     807027 
Protamine sulfate salt from salmon   Sigma-Aldrich    P4020 
Puromycin dihydrochloride    Sigma-Aldrich    P8833 
Rapamycin     Sigma-Aldrich    R0395 
Rosiglitazone     Santa Cruz    sc-202795 
Rotenone     Sigma-Aldrich    R8875 
Roti®-Histokitt     Roth Carl    6638.1 
Roti®-Phenol/Chloroform/Isoamyl alcohol  Roth Carl    A156.2 
Rubidium chloride    Sigma-Aldrich    R2252 
Skim Milk Powder    Sigma-Aldrich    70166 
Sodium azide (NaN3)    Sigma-Aldrich    S8032 
Sodium Chloride (NaCl)     Merck     106404 
Sodium Citrate     Sigma Aldrich    W302600 
Sodium Dodecyl Sulfate (SDS)   Sigma-Aldrich     L3771-1KG 
Sodium Hydroxide (NaOH) 45%   Roth Carl    0993.1 
Sodium Phosphate     Sigma-Aldrich    342483-25G 
Spy-LHP     Dojindo Molecular Technologies  S343-10 
Staurosporine     Sigma-Aldrich    S4400 
Sulfuraphane     Sigma Aldrich    S4441 
SYBR® Safe DNA Gel Stain    Thermo Fisher    S33102 
TNFα      Sigma-Aldrich    T7539 
Toluidine Blue     Sigma Aldrich    89640 
Triacsin C     Sigma-Aldrich    T4540 
Trichloroacetic acid    Sigma-Aldrich    T6399 
Tris (Trizma-Base)     Sigma-Aldrich    93352 
Triton X      Sigma-Aldrich    X100-100ML 
Trizma® acetate     Sigma-Aldrich    T1258 
Trizma® hydrochloride    Sigma-Aldrich    T3253 
Troglitazone     Sigma-Aldrich    T2573 
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Trypan Blue Solution, 0.4%   Thermo Fisher    15250061 
Tunicamycin     Sigma-Aldrich    93755 
Tween 20      Sigma-Aldrich    P9416 
Uranylacetate     Science services    E22400 
Vinblastine     Sigma-Aldrich    V1377 
X-TremeGene™ HP DNA Transfection Reagent Roche     06366236001 
Xylol Roticlear®     Roth Carl    A538.1 
α-Linolenic acid     Cayman Chemicals   90210 
α-Tocopherol (αToc)    Sigma-Aldrich    T3251 
β-Mercaptoethanol (ß-Me)    Roth Carl    4227.3 
γ- Linolenic acid     Cayman Chemicals   90220 
 
(1S,3R)-RSL3 was kindly provided by Prof. Dr. Brent Stockwell 76. 
 

Instruments        Manufacturer 
 
2100 Bioanalyzer        Agilent 
7900HT Fast Real-Time PCR      Applied Biosystems 
Axioplan 2 Microscope       Carl Zeiss 
BD FACSAria II        BD Biosciences 
BD FACSCANTO II       BD Biosciences 
Biological safety cabinet       Telstar 
CB150 CO2 Incubator       Binder 
Centrifuge 5430R        Eppendorf 
ChemiDocTM Imaging system      Bio-Rad 
Consort EV series power supplies      Sigma-Aldrich 
Counting chamber       Paul Marienfeld 
DNA Engine Dyad™ (PCR machine)      MJ Research 
DNA Engine Tetrad®2 (PCR machine)     MJ Research 
Gene Pulser II System XcellTM      Bio-Rad 
Inverse Labmicroscope Leica DM IL LED     Leica 
Leica EG1160 Embedding Center, Dispenser + hot Plate   Leica 
HM 355S Rotary Microtome      Thermo Fisher 
Milli-Q® Integral Water Purification System     Merck Millipore 
Mini-PROTEAN® Tetra Vertical Electrophoresis Cell    Bio-Rad 
Mr. Frosty™ freezing container      Thermo Fisher 
NanoDrop 1000 Spectrophotometer     Thermo Fisher 
Neubauer counting chamber      Paul Marienfeld GmbH 
New Brunswick™ Innova® 42/42R Incubation shaker    Eppendorf 
Roller 10 D        IKA 
Rotation Mikrotom HM 355S      Microm International 
Seahorse XFe96 Extracellular Flux Analyser     Seahorse Bioscience 
Sharp-R-941-BK-W-Inverter-Microwave     Sharp 
Sonification device Q125       Qsonica 
SpectraMax M5 Microplate Reader      Molecular Devices 
Thermomixer® C        Eppendorf 
Vortex Genie 2        Scientific industries 
Waterbath VWB 12       VWR 

 

Enzymes     Supplier   Catalog no. 
 
LongAmp® Taq DNA Polymerase   New England Biolabs  M0323L 
Proteinase K     Roth Carl   7528.1 
Restriction Endonucleases   New England Biolabs  various 
T4 DNA Ligase     New England Biolabs  M0202S 
Glutathione reductase    Sigma-Aldrich   G3664-100UN 
Lipoxidase from soybean    Sigma-Aldrich   L6632-5MU 
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Antibodies  Species Dilution Supplier  Catalog no. 
 

Primary antibodies 

Gpx4   Rabbit  1:1000  Abcam   ab125066 
Acsl1   Rabbit  1:1000  Cell Signaling  9189 
Acsl4   Mouse  1:200  Santa Cruz  sc-271800 
GFP   Chicken  1:1000  Aves   gfp-1020 
Acta2   Rabbit  1:1000  Cell Signaling  14968 
Flag   Mouse  1:1000  Sigma-Aldrich  F3165 
β-Actin   Mouse  1:10000  Sigma-Aldrich  A5441 

 

HRP conjugated secondary antibodies 

Anti-mouse  goat  1:5000  Santa Cruz  sc-2031 
Anti-rabbit  goat  1:5000  Santa Cruz  sc-2004 
Anti-chicken  goat  1:5000  Abcam   ab97135 

 

Biotin-conjugated secondary antibodies 
 

Anti-mouse  goat  1:200  Jackson Immuno  115-065-003 

 

Kits and disposables   Supplier   Catalog no. 
 
0.05 % Trypsin-EDTA (1x)    Life Technologies   25300054 
5 PRIME MasterMix    5 Prime    2200110 
AMP-GlowTM Assay    Promega   V5011 
ApopTag® Plus     Millipore    S7101 
AquaBluerTM Cell Viability Assay Solution  MultiTarget Pharmaceuticals 6015 
Cytotoxicity Detection Kit (LDH)   Roche    11644793001 
BCA Protein Assay Kit    Thermo Fisher   23227 
Clarity Wetern ECL Substrate   Bio-Rad    1705061 
Peroxidase in Situ Apoptosis detection Kit  Merck Chemicals   S7100 
Peroxidase Substrate Kit (DAB)   Vector Laboratories  Sh-4100 
Corning® cell strainer     Sigma-Aldrich   CLS431750-50EA 
Dubeccos Modified Eagle Medium (DMEM)  Life Technologies   21969035 
Dubeccos Phosphate Buffered Saline (DPBS) Life Technologies   14190094 
Wizard® SV Gel and PCR Clean-Up System Promega   A9282 
Gene Pulser Electroporation Cuvettes, 0.2 cm gap Bio-Rad    1652086 
Gene Pulser Electroporation Cuvettes, 0.4 cm gap Bio-Rad    1652088 
Gibson Assembly® Cloning Kit   New England BioLabs  E5510S 
HIV Type 1 p24 Antigen ELISA   Zeptometrix   0801111 
Illumina® TotalPrep™ RNA Amplification Kit  Thermo ´Fisher   AMIL1791 
iScript™ cDNA Synthesis Kit   Bio-Rad    1708891 
KAPAHiFi™ PCR Kit    KAPA BIOSYSTEMS  from VWR 733-2429 
Millex-HP Syringe Filter Unit, 0.45 µm  Millipore    SLHP033RS 
Mini-PROTEAN® TGX Stain-Free™ Precast Gels Bio-Rad    456-8043 
MouseRef-8 v2.0 Expression BeadChip   Illumina    BD-202-0202 
Nunc® CryoTubes®     Thermo Fisher   V7634-500EA 
Pierce™ BCA Protein Assay Kit   Thermo Fisher   23225 
Plasmid Maxi Kit     Qiagen    12163 
QIAprep Spin Miniprep Kit    Qiagen    27104 
Quant-iT™ PicoGreen® dsDNA Assay Kit  Thermo Fisher   P11496 
RNA 6000 Nano Kit    Agilent    5067-1511 
RNase-Free DNase Set    Qiagen    79254 
RNeasy Mini Kit     Qiagen    74104 
Superdex 200 Increase    GE Healthcare Life sciences 28990944 
SYBR® Green PCR Master Mix   Thermo Fisher   4309155 
Trans-Blot® TurboTM Transfer Pack  Bio-Rad    170-4156 
TruSeq RNA Library Preparation Kit v2   Illumina    RS-122-2001 
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Vectastain ABC HRP Kit    Vector Laboratories  PK-4000 

 
Oligonucleotides for Sanger sequencing 
 

Oligo label Sequence 
1964_ACSL1_Ex1_for TGACTGGGGACTAATGTCTTG 

1965_ACSL1_Ex1_rev GGCTTCTGCATGTGTTTACTAC 

1966_ACSL3_Ex1_for GCTAACTCTGAGCGAAAGAAAC 

1967_ACSL3_Ex1_rev GGAGAGACTGTCTCCATCAACA 

1968_ACSL5_Ex1_for GTTCAGAGAGCATATGAGAGAGGGA 

1969_ACSL5_Ex1_rev CCACCACCTTATACTACTGG 

1970_ACSL6_Ex1_for GGCATGGGAATGTGGTTCTCA 

1971_ACSL6_Ex1_rev TGTTGGCTGGTTACCAGGGAA 

1838_genotyping_ACSL4_rev AGAAGCCTTCCACTATGAACCTT 

1839_genotyping_ACSL4_forv ACCTTTCCATTTGGCTGCATT 

1962_gtype_Tnfrsf1a_L AAGAGCGCGTGCCTGCAGTCT 

1963_gtype_Tnfrsf1a_R CACATGCAAGCTCGGGCCTGTGT 

1968_gtype_Smg7_L AGAAGTCTGGCCCTCTGGGCA 

1969_gtype_Smg7_R TCATCTGAGTTGTAGCTGTGAAGCT 

1974_gtype_Hnrnpf_L TGGAAAACTTGTTACCTTCCATTAAGT 

1975_gtype_Hnrnpf_R CTCACAAAGCCATCATTGGCACT 

1983_gtype_Ces2a_2_L ACGGAGAGTCCTCCCTGAAAAAA 

1984_gtype_Ces2a_2_R GGTAAAACTACTAATCAGGGTCTAAACT 

1986_gtype_Casp8_L ATTTAGCCCCTACATTTAGCCCGCA 

1987_gtype_Casp8_R CTCTTGATAAGAATGGATTTCCAGAGT 

2013_LPCAT3_guide2_geno_for TGGCTAAGCTACCCCACACATTTTCC 

2014_LPCAT3_guide2_geno_rev TAGGTAGAATCCCTACATGGAGGTC 

2028_PPARg exon3_geno_for GTTAGACTAAACTGGCGGGTCAAT 

2029_PPARg exon3_geno_rev TGCCCTGCCAAATGAAGGGTTCAATCT 

2070_BIDg1_geno_for TGCCATCTGTCTGCAGCTCGTCTT 

2071_BIDg1_geno_rev TTCTGTTTGGCAAGCACACCAC 

 
Oligonucleotides used for other purposes (cloning, mouse genotyping, etc.) are 

mentioned in the corresponding sections of the methods. 

Bacterial strains 
 
Dh5α:  F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG Φ80dlacZΔM15 

Δ(lacZYA-argF)U169, hsdR17(rK- mK+), λ– 

BL21:  F– ompT gal dcm lon hsdSB(rB
–mB

–) [malB+]K-12
(λS) 
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Cell lines 
 
Pfa1: The TAM-inducible Gpx4 -/- MEF cell line was previously described by Seiler et 

al. 2008. MEFs were isolated from Gpx4 fl/fl transgenic mice containing two loxP 

sites flanking the last three exons of the gene and transfected with pCAG-3SIP-MCM 

(MerCreMer) yielding the cell line Pfa1 (fl/fl)-MCM, referred to as Pfa1. 

Pfa1-p442-HAmXct: This cell line was generated by lentiviral infection of Pfa1 cells 

using a p442 vector that stably expressed the substrate specific subunit of system xc
- 

(Slc7a11 also called Xct). The cell line was a kind gift from Dr. Sho Kobayashi. 

HT22: Immortalized mouse hippocampal cell line 189. 

xCT-: MEF cell line derived from xCT KO animals 87. 

293T: Human embryonic kidney (HEK) cells used for lentiviral production were 

obtained from ATCC (293T (ATCC® CRL-3216™). 

MDA-MB-157, MDA-MB-231, MDA-MB-436, MDA-MB-453, MDA-MB-468, BT-549, 

HCC38, HCC1143, HCC1937, MCF7, T-47D, AU565 and BT-474: Human breast 

cancer cell lines were purchased from ATCC and cultured according to ATCC 

guidelines. 

SK-BR-3: This human breast cancer cell line was a kind gift from Dr. Gabriele 

Multhoff (Technical University Munich). 

 

Mouse lines 
 

Flp transgenic mouse: Mouse strain expressing the transgene Flp recombinase to 

promote FRT site-specific DNA recombination in transgenic mice 190. 

ROSA26CreERT2 transgenic mouse: This mouse strain expresses the TAM-

inducible fusion protein CreERT2, consisting of Cre recombinase and the mutated 

ligand binding domain of the human estrogen receptor (ERT2), controlled by the 

ubiquitously expressed ROSA26 locus 191. Kindly provided by A. Berns from the 

Netherlands Cancer Institute (Amsterdam). 
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CaMKCreERT2 transgenic mouse: This mouse strain expresses the TAM-inducible 

fusion protein CreERT2 (as previously described), controlled by the regulatory 

element of the CaMKIIalpha gene 192. Expression is restricted to the forebrain of adult 

mice. Originally provided by Dr. Gunther Schütz (DKFZ, Heidelberg, Germany). 

Gpx4tm2Marc (referred to as Gpx4 fl/fl) mouse: This mouse strain carries LoxP-

flanked (fl) Gpx4 alleles 88. For details on the generation of this mouse line the reader 

is referred to Seiler et al. 2008. 

Gpx4 fl/fl CaMKCreERT2 transgenic mouse: This mouse strain harbors LoxP-flanked 

(fl) Gpx4 alleles 88 and additionally expresses the fusion protein CreERT2 in the 

forebrain of adult mice 192. 

Gpx4 fl/fl ROSA26CreERT2 transgenic mouse: This mouse strain carries LoxP-

flanked (fl) Gpx4 alleles 88 and additionally expressed the fusion protein CreERT2 

controlled by the ubiquitously expressed ROSA26 locus 191. 

 

Cloning vectors 
 

The vector maps of the lentiviral sgRNA expression plasmid pKLV-U6gRNA(Bbs1)-

PGKpuro2ABFP (Addgene #50946) and the lentiviral expression plasmid 442-PL1-

Puro are shown in Figures 9 and 10, respectively. pKLV-U6gRNA(Bbs1)-

PGKpuro2ABFP was used for the cloning of new sgRNA expressing plasmids (see 

3.2.1.12). 442-PL1-Puro served as backbone for the cloning of the human Acsl4short 

expressing vector (3.2.1.12). The third generation packaging plasmids pEcoEnv-

IRES-puro (contained glycoprotein Env), pMDLg_pRRE (encoded the protein Gag 

and the enzyme cluster Pol) and pRSV_Rev (post-transcriptional regulator, Rev) 

were used for the production of replication incompetent lentiviral particles described 

in chapter 3.2.1.12. Lentiviral expression plasmid lentiCas9-Blast was obtained from 

Addgene (Addgene #52962). The expression vectors JF642 (GFP-ACSL3-HA) and 

JF830 (ACSL1-GFP) were kindly provided by Dr. Joachim Füllekrug (University of 

Heidelberg). The doxycycline inducible expression vector pRTS1 was a kind gift from 

Dr. Georg W. Bornkamm 193. 
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pKLV-U6gRNA(BbsI)-PGKpuro2ABFP
8118 bp

Amp

TagBFP

Puro

5' LTR (truncated)

3' LTR SIN

RRE

cPPT

bGH poly (A) signal

T2A

gRNA scaffold

hU6 promoter

PGK promoter

CMV promoter

f1 origin

Bbs I

Bbs I

Figure 9: Map of the sgRNA expression vector pKLV-U6gRNA(Bbs1)-PGKpuro2ABFP. 
 
Abbreviations: Cytomegalovirus (CMV) promoter, truncated 5’ long terminal repeats (5’ LTR) from HIV-1, Rev 
responsive element (RRE), central polypurine tract (cPPT), human RNA polymerase III promoter (hU6 
promoter), BbsI (restriction sites used for cloning), sgRNA scaffold (crRNA/tracr RNA fusion), 
phosphoglycerate kinase (PGK) promote, Puromycin resistance gene – puromycin N-acetyl-transferase 
(Puro), self-cleaving 2A peptide (T2A), blue fluorescent protein (TagBFP), self-inactivating (SIN) 3’ LTR, 
bovine growth hormone polyadenylation site (bGH poly (A) signal), Ampicillin resistance gene - beta-
lactamase (Amp) and origin of replication (f1 origin).  
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Computer software, databases and online tools 

 

Bioinformatics tool (ENCoRE) was developed using java environment (Sebastian 

Doll, Manuel Poppe, Joel Schick, Dietrich Trümbach), Vector NTI, FlowJo, 

GraphPad, https://genome.ucsc.edu/, http://www.crisprscan.org, http://crispr.mit.edu., 

http://www.tide.nki.nl 

 

 

 

442-PL1-Puro
7878 bp

Puro

Amp

RU5 LTR

SIN

IRES

RRE
Psi pack

WPRE

cPPT

PBS

SFFVp

pUC ori

BamHI (2398)

EcoRI (2410)

Figure 10: Map of the 442-PL1-Puro. 
 
Abbreviations: R and U5 region from HIV-1 (RU5 LTR), primer binding site (PBS), retroviral psi packaging 
element (Psi pack), rev responsive element (RRE), central poly-purine tract (cPPT), spleen focus forming virus 
promoter (SFFVp), BamHI/EcoRI (restriction sites used for cloning), internal ribosome entry site (IRES), 
puromycin resistance gene, puromycin N-acetyl-transferase (puro), woodchuck hepatitis virus 
posttranscriptional regulatory element (WPRE), self-inactivating (SIN) 3’ LTR, ampicillin resistance gene beta-
lactamase (Amp) and origin of replication (pUC ori).  
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3.2 Methods 

3.2.1 General methods working with DNA 

3.2.1.1 Isolation of bacterial plasmid DNA 

After transformation of plasmid DNA, bacteria were allowed to form colonies 

(incubation 16-20 h at 37°C) on LB plates containing the corresponding antibiotic 

selection. Single bacterial colonies were used to inoculate antibiotic containing LB 

medium (Mini preparation: 3 mL; Maxi preparation: 100 mL) and incubated overnight 

at 37°C under constant shaking. Plasmid DNA was isolated from the bacterial culture 

on the next day using the QIAGEN plasmid Mini or Maxi kit according to the 

manufacturers’ protocol. Plasmid concentrations and quality was measured on a 

NanoDrop 1000 Spectrophotometer. A 260/280 nm ratio greater than ~1.8 was 

considered as pure DNA. 

 

3.2.1.2 Genomic DNA (gDNA) extraction from cell clones and mouse ear punch 
tissue 

Adherent cell clones (96-wells to 10 cm plates) were harvested by trypsinization or 

cell scraper and washed with DPBS. Cell pellets or mouse ear clips were lysed in 250 

µL of lysis buffer for 16 h at 55°C under constant shaking in 1.5 mL Eppendorf tubes. 

The gDNA was separated from protein and lipid contaminations by phenol-chloroform 

extraction. To this end, an equal volume of Roti®-Phenol/Chloroform/Isoamyl alcohol 

(25:24:1) was added to the lysate, vortexed and centrifuged for 7 min at 14,000 x g. 

The top, DNA containing phase, was collected in a new Eppendorf tube and the DNA 

was precipitated using 2 x volumes of EtOH containing 75 mM NaCl. The DNA was 

pelleted by centrifugation (14,000 x g) at 4°C. The pellet was washed with 70% EtOH 

and centrifuged (14,000 x g). The supernatant was removed and the pellet was air-

dried for 30 min before being dissolved in 100 µL MilliQ H2O. For long term storage 

gDNA was frozen at -20°C. 

 
Lysis Buffer: 10 mM Tris pH 7.6; 10 mM EDTA; 0.5 % SDS; 10 mM NaCl, 300 μg/mL Proteinase K 
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3.2.1.3 Restriction digest 

Restriction endonucleases were obtained from New England Biolabs GmbH and 

used in 20-50 µL reactions to digest DNA according to the manufacturers’ protocol. 

 

3.2.1.4 Agarose gel electrophoresis 

DNA fragments were separated according to their size by electrophoresis in 1-2 % 

gels made of agarose. The gel running chamber was filled with 1x TAE buffer and 

voltage was applied to separate DNA samples that were previously mixed with 6x 

DNA loading dye (Thermo Fisher) and filled in the gel pockets. SYBR® Safe DNA 

stain was added to the gels in a 1/10000 ratio to enable visualization of the separated 

DNA fragments under a blue light or UV transilluminator 

 
10x TAE buffer: 0.4 M Tris-acetate (0.4 mM Tris-base and 5.71 % v/v acetic acid); 10 mM 

EDTA/NaOH pH 8.0 

 

3.2.1.5 Gel purification of DNA fragments 

DNA fragments were isolated from agarose gels with a scalpel and purified using the 

Wizard® SV Gel and PCR Clean Up System (Promega) according to the 

manufacturers’ protocol. 

 

3.2.1.6 Ligation of DNA fragments (T4-DNA-ligase) 

The concentration of digested DNA fragments was measured using a NanoDrop 

1000 Spectrophotometer. DNA fragments were used in a molar ratio of 1:3 to 1:5 

(backbone to insert). The necessary DNA amounts were calculated using the 

following formula: 

𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖 =
𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖 × 𝑚𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖

𝑚𝑠𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖
× 𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑟𝑠𝑚 𝑚𝑜 

𝑠𝑖𝑚𝑠𝑚𝑟
𝑣𝑠𝑣𝑟𝑚𝑚

 

Usually 50 ng of backbone DNA was mixed with the corresponding amount of insert 

DNA, T4-DNA-ligase and 5x ligase buffer according to the manufacturers’ protocol. 

The ligation reaction was incubated for 1 h at room temperature or alternatively for 16 

h at 4 °C before being transformed into bacteria. 
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3.2.1.7 Ligation of DNA fragments (Gibson cloning) 

Gibson cloning enables the ligation of cut backbone vectors with blunt-end PCR 

products that possess at least 40 bp of homology (overlap) to the cut backbone 

vector. Primers were designed to amplify DNA fragments (inserts) with the necessary 

overlaps. KAPA HiFi-Polymerase was used in PCR reactions according to the 

manufacturers’ protocol to achieve maximal sequence fidelity. The amplified inserts 

were purified using the Wizard® SV Gel and PCR Clean Up System (Promega). In 

parallel, the vector DNA was linearized by restriction digestion and purified using the 

same clean up kit (Wizard® SV Gel and PCR Clean Up System (Promega)). The 

concentration and quality of all DNA fragments was assessed by the 1000 NanoDrop 

Spectrometer. The linearized vector (~50 ng) and the inserts (3-5 fold molar excess) 

were added to the Gibson Assembly Master Mix and incubated at 50°C for 15 min to 

1 h according to the manufacturers’ protocol. 2 µL of the reaction mix was 

transformed chemical competent bacteria to allow amplification of the desired 

plasmid. 

 

3.2.1.8 Amplification of DNA fragments for cloning 

PCR is the standard technique for the enzymatic amplification of specific DNA 

fragments in vitro. PCR reactions were set up in 50 μL containing the template DNA 

(~100 ng), gene-specific primers (0.3 µM), deoxynucleotides (dNTPs, 200 µM each), 

10 µL of 5x KAPA HiFi Buffer and 1 Unit of KAPA Hifi-Polymerase. The following 

program was run on a MJ Research Dyad Dual 96-Well PCR machine: 

Step Temperature Duration Cycles 
Initial denaturation 95°C 3 min 1 
Denaturation 95°C 20 sec 

30 Annealing 60 - 75°C 20 sec 
Extension 72°C 15 – 60 sec/kb 
Final extension 72°C 1 min/kb 1 

PCR products were separated and visualized on a 1% agarose gel (3.2.2). 

 

3.2.1.9 Genotyping of mice by PCR (small PCR products) 

In order to discriminate between mice carrying targeted or WT alleles, gDNA was 

isolated from ear clips (see 3.2.1.2) and primers were designed to amplify small PCR 
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products of different sizes. Genotyping of multiple traits required separate 25 μL PCR 

reactions each set up with 1 µL of gDNA and trait specific primers (each 0.5 µM) 

using the 5 PRIME 2.5 X master mix. All genotyping PCR reactions were run on a MJ 

Research Dyad Dual 96-Well PCR machine. For PCR program see 3.2.1.8 with 

variations in annealing temperatures and time (specified below). 35 cycles of 

amplification were applied and the PCR products were separated and visualized on a 

2% agarose gel (3.2.1.4). 

 
Acsl4 fl: Primers #1932/#1933; Annealing step 59°C for 15 sec; PCR products: WT 225 bp; fl 363 bp 

Targeted Acsl4 allele: #1861/#1862; Annealing step 59°C for 15 sec; PCR product: WT: no product; 

mut: 280 bp 

Gpx4 fl: Primers PF for1/ PF rev1; Annealing step 65°C for 30 sec; PCR products: WT 180 bp; fl 240 

bp 

Flip: Flpe-as/Flpe ; Annealing step 59°C for 30 sec; PCR products: 500 bp 

CreERT2: Cre D/Cre E; Annealing step 63°C for 30 sec; PCR products: 500 bp 

CaMKCreERT2: CreER1 (sense)/ CreER2 (antisense)/CreER3 (antisense); Annealing step 63°C for 1 

min; PCR products: WT 290 bp; CaMKCreERT2(transgene) 375 bp 
 

Oligo label Sequence 
#1861 TAGTGTTGAGCTTCTGGAAAGCAAACTGAA 
#1862 TGAACTGATGGCGAGCTCAGACCA 
#1932  TCTAATGCCATTGGTGACCTC 
#1933 AGGTCCTCATAAGGCACCATCA 
Cre D CACGACCAAGTGACAGCAATGCTG 
Cre E CAGGTAGTTATTCGGATCATCAGC 
CreER1 (sense) GGTTCTCCGTTTGCACTCAGGA 
CreER2 (antisense) CTGCATGCACGGGACAGCTCT 
CreER3 (antisense) GCTTGCAGGTACAGGAGGTAGT 
Flpe CTAATGTTGTGGGAAATTGGAGC 
Flpe-as CTCGAGGATAACTTGTTTATTGC 
PF for1 CGTGGAACTGTGAGCTTTGTG 
PF rev1 AAGGATCACAGAGCTGAGGCTG 

 

3.2.1.10 Long range genotyping PCR 

LongAmp Taq DNA Polymerase was specifically designed to allow the amplification 

of long and complex DNA segments. 50 µL PCR reactions were set up using a serial 

dilution of gDNA (starting with 1 µL of mouse ear clip DNA see 3.2.2), gene-specific 

primers (0.5 µM), 200 µM dNTPs, 5 µl of 10x LongAmp Buffer and 5 units of 

LongAmp Taq DNA Polymerase. All long range PCR reactions were run on a MJ 

Research Dyad Dual 96-Well PCR using the following touchdown PCR program: 
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Step Temperature Duration Cycles 

Initial denaturation 94°C 3 min 1 
TD Denaturation 94°C 20 sec 

8 TD Annealing 65°C (-1°C per cycle) 30 sec 
TD Extension 68°C 7.5 min 
Denaturation 94°C 20 sec 

30 Annealing 58°C 30 sec 
Extension 68°C 7 min 
Final extension 72°C 1 min/kb 1 

 
LR5a: #1845/#1847; PCR product size: 5965 bp 
LR5b: #1846/#1847; PCR product size: 6473 bp 
LR3a: #1848/#1849; PCR product size: 6691 bp 
LR3b: #1848/#1850; PCR product size: 6773 bp 

 

Oligo label Sequence 
#1845  CGGTCCTACCGTGCAGATGTCATTG 
#1846 GTCCCAGAGACAGTAATGAACATG 
#1847 CACAACGGGTTCTTCTGTTAGTCC 
#1848 CACACCTCCCCCTGAACCTGAAAC 
#1849 GTAGCCAATATATGTGTCCTTCGGTC 
#1850 GGGGTGAAGAGTATCCAATCCTAC 

 

3.2.1.11 Quantitative PCR (qPCR) 

RNA was extracted from exponentially growing cells using the RNeasy kit Mini Kit 

from Qiagen according to manufacturer’s instructions. 2 µg of total RNA was used for 

reverse transcription reactions using random primers for amplification (iScript™ 

cDNA Synthesis Kit - Bio-Rad). QPCR reactions were performed on the 7900HT Fast 

Real-Time PCR System using either transcript-specific TaqMan probes or specific 

primer sets in a SYBR GREEN reaction to detect expression levels. Hypoxanthine-

guanine phosphoribosyltransferase (HPRT) expression was used for normalization.  

 
TaqMan probes: Acsl3: Mm01255804_m1; Lpcat3: Mm00520147_m1; Pparγ: Mm00440940_m1; Hprt: 

Mm00446968_m1.  
SybrGreen primers: Acsl5 (Forward: 5’-CTGATCTGCCTCCTGACGTTTGGAA-3’; Reverse: 5’- 

ACAACGTCTTGGCGTCTGAGAAGT-3’) and Hprt (Forward: 5’- AGCTACTGTAATGATCAGTCAACG-3’; 

Reverse: 5’-AGAGGTCCTTTTCACCAGCA-3’). 
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3.2.1.12 Cloning of new vectors 

Cloning of lentiviral sgRNA plasmids (pKLV-U6gRNA(BbsI)-PGKpuro2ABFP) 

pKLV-U6gRNA(Bbs1)-PGKpuro2ABFP (Addgene #50946) is a third generation 

lentiviral transfer-plasmid that was used to generate stable sgRNA expressing cell 

lines. Lentiviral particles from this plasmid were only produced in combination with 

the third generation packaging system (pEcoEnv-IRES-puro, pMDLg_pRRE, 

pRSV_Rev), because the plasmid itself does not encode the necessary lentiviral 

genes (Gag, Pol, Rev and Env). The human RNA polymerase III promoter (hU6 

promoter) controls the expression of the sgRNA scaffold (crRNA/tracr RNA fusion). 

Using the designated BbsI restriction sites it was possible to clone different spacer 

sequences (20-21 bp) that determine the CRISPR target. In a 100 µL reaction 5 µg of 

pKLV-U6gRNA(Bbs1)-PGKpuro2ABFP were digested with BbsI at 37°C for 1.5 h. 

The linearized vector band was isolated from a 1 % agarose gel, purified via gel 

extraction and the DNA concentration determined using the NanoDrop 1000 

spectrometer. In parallel new CRISPR spacer sequences were designed with the 

help of established online tools (http://www.crisprscan.org/ or http://crispr.mit.edu/). In 

order to clone the newly designed spacer sequences into the BbsI digested 

backbone, pairs of DNA oligos were ordered (Invitrogen) containing the desired 20 bp 

spacers (N20) with the addition of certain overhangs (see below in red): 

Forward oligo: CACC(G)N20GT 

Reverse oligo: TAAAACN20(complementary to forward oligo)(C) 

Since expression by the hU6 promoter was dependent on a guanine (G) at the +1 

site of transcription, a G was added in front of the N20 spacer if not already present. 

The lyophilized oligos were dissolved in MilliQ H2O to form stocks of 100 µM. 1 µL of 

the forward and reverse oligo stock was added to 100 µL TE-Buffer and the oligos 

were annealed by heating to 100°C for 5 min before slowly cooling to RT. This 

procedure generated small fragments of double stranded oligos with matching 

overhangs to the digested (BbsI) backbone which were used in ligation reactions (50 

ng digested vector, 4 µL annealed oligos in a 15 µL ligase reaction at 4°C overnight) 

to form pKLV-U6gRNA(Spacer)-PGKpuro2ABFP. Electro-competent DH5α cells 

were transformed and the sequence of single colonies was validated via Sanger 

sequencing (GATC Biotech). 
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List of spacer sequences cloned: 

Oligo label Sequence 
1898_CRISPR ACSL1_for CACCGCTCTGGCATTCGAAAATACGT 
1899_CRISPR_ACSL1_rev TAAAACGTATTTTCGAATGCCAGAGC 
1900_CRISPR ACSL3_for CACCGAGTCCGGTTTGGAACTGACGT 
1901_CRISPR_ACSL3_rev TAAAACGTCAGTTCCAAACCGGACTC 
1902_CRISPR ACSL5_for CACCGTGGCCGTTCCAAACGTCAGGGT 
1903_CRISPR_ACSL5_rev TAAAACCCTGACGTTTGGAACGGCCAC 
1904_CRISPR ACSL6_for CACCGCTGCCCGAGCTATCGGACTGT 
1905_CRISPR_ACSL6_rev TAAAACAGTCCGATAGCTCGGGCAGC 
1906_CRISPR ACSL4_for CACCGACAGAGCGATATGGACTTCCGT 
1907_CRISPR_ACSL4_rev TAAAACGGAAGTCCATATCGCTCTGTC 
1940_CRISPR_Tnfrsf1a_for CACCGTGTCTCACTCAGGTAGCGTGT 
1941_CRISPR_Tnfrsf1a_rev TAAAACACGCTACCTGAGTGAGACAC 
1944_CRISPR_Smg7 CACCGTACTCAGGTATACATGACCGGT 
1945_CRISPR_Smg7_rev TAAAACCGGTCATGTATACCTGAGTAC 
1948_CRISPR_Hnrnpf CACCGCGACTGCACAATTCATGATGGT 
1949_CRISPR_Hnrnpf_rev TAAAACCATCATGAATTGTGCAGTCGC 
1954_CRISPR_Ces2a_2 CACCGAATGAATTTAGAGGATGCGAGT 
1955_CRISPR_Ces2a_2_rev TAAAACTCGCATCCTCTAAATTCATTC 
1817_CRISPR_LiB_Casp8_1_for CACCGCAGGTCCCACCGACTGATGGT 
1818_CRISPR_LiB_Casp8_1_rev TAAAACCATCAGTCGGTGGGACCTGC 
2009_LPCAT3_guide2_for CACCGCAATGAAGGGACACCCCGTAGT 
2010_LPCAT3_guide2_rev TAAAACTACGGGGTGTCCCTTCATTGC 
1978_PPARg exon3_for CACCGATAAATAAGCTTCAATCGGAGT 
1979_PPARg exon3_rev TAAAACTCCGATTGAAGCTTATTTATC 
2034_BID_guide1_for CACCGGTCAGCAACGGTTCCGGCCGT 
2035_BID_guide1_rev TAAAACGGCCGGAACCGTTGCTGACC 
1457_AIFM1_CRISPR_for CACCGACGTACACCGTCCGCACCAA 
1458_AIFM1_CRISPR_rev AAACTTGGTGCGGACGGTGTACGT 
1461_Ndufa9_CRISPR_for CACCGAACAACCCGAAAGCGGACGG 
1462_Ndufa9_CRISPR_rev AAACCCGTCCGCTTTCGGGTTGTTC 
1453_RIPK1_CRISPR_for CACCGCCAACTCACTCAGCGCGGTT 
1454_RIPK1_CRISPR_rev AAACAACCGCGCTGAGTGAGTTGGC 
1421_Isca1_CRISPR_for CACCGTCACAGCCCGCACGGTGGCG 
1422_Isca1_CRISPR_rev AAACCGCCACCGTGCGGGCTGTGAC 
1425_Bcl2a1a_CRISPR_for CACCGGAGAATGGATACGGCAGAA 
1426_Bcl2a1a_CRISPR_rev AAACTTCTGCCGTATCCATTCTCC 
1652_Ndufa13_CRISPRguide_for CACCGAGGTTCCGCTTGTAGTCGAT 
1653_Ndufa13_CRISPRguide_rev AAACATCGACTACAAGCGGAACCTC 
1654_Uqcrc2_CRISPRguide_for CACCGAACCTTCGGGGCAACTTTGA 
1655_Uqcrc2_CRISPRguide_rev AAACTCAAAGTTGCCCCGAAGGTTC 

 

TE-Buffer: 10 mM Tris/HCL, pH 8; 1 mM EDTA; pH 7.4 

 

Cloning of hAcsl4short into the viral expression vector 442-PL1 Puro 

442-PL1 Puro is a third generation lentiviral plasmid (a kind gift from Dr. Timm 

Schröder, ETH Zürich) that was used to express the short isoform of ACSL4 in 
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different cell lines via viral gene transfer. The spleen focus-forming virus (SFFV) 

promoter drives the expression of a bicistronic mRNA starting with the gene of 

interest that was inserted (cloned by BamHI or EcoRI) upstream of an internal 

ribosome entry site (IRES) which facilitate the expression of the downstream 

puromycin N-acetyltransferase gene (puro). The 442-PL1 Puro vector was linearized 

by EcoRI and a PCR fragment of the short isoform of ACSL4 containing 40 bp of 

homology to each end of the linearized backbone was used to generate the lentiviral 

expression vector 422-PL1-ACSL4_short IRESPuro via Gibson cloning (3.2.1.7). 

PCR primers are described below.  

 

Oligo label Sequence 
1842_p442_L1_ACSL4for CGAATCAAGCTTATCGATACCGTCGACGGATCCTTCGAAAAGCTTACCAT

GGCAAAGAGAATAAA 

1843_p442_L1_ACSL4rev 
 

TGCTCGGAGGGCCCCGGGCGGCCGCTACGTAACCGGTCTCGAGCGGCC
GCTTACTTATCGTCGTC 

 
Cloning of pRTS1 expressing hACSL4short  

The vector pRTS1 was linearized using the restriction enzymes BglII and SwaI. A 

PCR fragment of the short isoform of human ACSL4 containing 40 bp of homology to 

each end of the linearized pRTS1 backbone was amplified, purified and ligated into 

the backbone using the Gibson assembly kit according to manufacturer’s instructions. 

 

Oligo label Sequence 
2078_pRTS1 
ACSL4s_for 

GCCTCCGCGGCCCCGAATTCCTGCAGATTTAAATACTAGTGGATCCCCGCGGATGGCAA
AGAGAATAAAAGC 

2079_pRTS1 
ACSL4s_rev 

CATGTCTGGATCCTCTAGAACTAGGTCGACAGATCTTTACTTATCGTCGTCATCCT 

 

3.2.2 General methods working with RNA 

3.2.2.1 Isolation of total RNA and cDNA synthesis 

The total RNA from cells was isolated with the RNeasy Mini Kit (Qiagen) according to 

manufacturers’ instructions. Adherent cells were harvested from cell culture dishes 

(6-well to 10 cm) by trypsinization. Cell pellets were washed twice with DPBS 

(Dulbecco's Phosphate-Buffered Saline), the supernatant was discarded and cells 

were disrupted by addition of 600 μL Buffer RLT. To enable simultaneous processing 

of multiple samples, cell extracts were temporarily stored at -80°C. Samples were 

thawed, vortexed and pipetted on an RNeasy Mini spin column. By default, an on-
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column DNase digestion was performed (RNase-Free DNase Set (Qiagen) to 

degrade potential DNA contamination. Purified RNA was washed and subsequently 

eluted from the column with 30 μL elution buffer. RNA concentrations and quality was 

determined by a NanoDrop spectrometer. 

Using 2 µg of the isolated RNA as template, single-stranded cDNA was synthesized 

by reverse transcription using random hexamer priming (iScript™ cDNA Synthesis Kit 

- Bio-Rad) according to manufacturers’ instructions. The reaction mix was incubated 

for 5 min at 25°C and 30 min at 42°C to facilitate cDNA synthesis. Subsequently, the 

reaction was terminated at 85°C for 5 min and cDNA stored at -20°C to 4°C. 100 ng 

of first strand cDNA from these reactions was used in qPCR reactions. 

 

3.2.2.2 RNAseq analysis 

Total RNA was isolated from whole cell lysates using the RNeasy Mini Kit (Qiagen) 

as previously described. RNA quality was assessed with the Agilent 2100 

BioAnalyzer (RNA 6000 Nano Kit, Agilent). Only samples with a RNA integrity 

number higher than 8 were used for library preparation (1 µg of total RNA per 

sample). The Elute, Prime and Fragment Mix (TruSeq RNA Sample Prep kit, 

Illumina) were used to select, fragment and reverse transcribe poly(A) containing 

RNA molecules. Further steps for the library preparation were performed as 

described in the Low Throughput protocol of the TruSeq RNA Sample Prep Guide 

(Illumina). Transcriptome analysis, quantitative library preparation and enrichment 

were performed by Dr. Holger Prokisch and colleagues. RNA library quality and 

quantity was determined with the Agilent 2100 BioAnalyzer and the Quant-iT 

PicoGreen dsDNA Assay Kit (Life Technologies) and sequenced as 100 bp paired-

end runs on an Illumina HiSeq2500 platform. 

 

3.2.2.3 Microarray analysis 

Total RNA was isolated with the RNeasy Mini Kit (Qiagen) as previously described. 

300 ng of the total RNA were amplified using the Illumina TotalPrep RNA 

Amplification kit (Ambion). Amplified cRNA was hybridized to Mouse Ref-8 v2.0 

Expression BeadChips (Illumina). Staining and scanning were done according to the 

Illumina expression protocol. Data was processed using the GenomeStudioV2010.1 
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software (gene expression module version 1.6.0) in combination with the MouseRef- 

23 8_V2_0_R3_11278551_A.bgx annotation file. The background subtraction option 

was used and an offset to remove remaining negative expression values was 

introduced. Each column of the heat map analysis represents the value of a single 

experiment performed three times independently. RNA amplification and 

hybridization was done by Dr. Martin Irmler. Data analysis was performed by Dr. 

Dietrich Trümbach (same institute). 

 

3.2.3 General methods working with proteins 

3.2.3.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) 

Protein samples for SDS-PAGE were prepared from whole cells using LCW lysis 

buffer and supplemented with Protease inhibitor Cocktail (Roche Diagnostics). Whole 

cell lysates were incubated on ice for 15 min before removing the cell debris by 

centrifugation (10,000 x g, 15 min, 4°C). The protein concentration in the supernatant 

was assessed using the PierceTM BCA Protein Assay Kit, according to the 

manufacturers’ instructions. 3 µL of Sample Loading Dye (6x) was added to 25 µg of 

each protein sample (if not stated otherwise) and complemented with MilliQ H2O to a 

final volume of 20 µL. Samples were heated to 95°C for 5 min and proteins were 

separated on precast 12% Mini-PROTEAN® TGX Stain-Free™ Protein Gels (Bio-

Rad) at 100- 120 V for ~1 h in a Mini-PROTEAN® Tetra (Bio-Rad) electrophoresis 

chamber filled with running buffer. SDS gels were liberated from their plastic scaffold 

and proteins were transferred to a PVDF (polyvinylidene difluoride) membrane for 

subsequent Western blot analysis or directly used for Coomassie staining. 
 
LCW Lysis Buffer: 0.5 % TritonX-100, 0.5 % Sodium deoxocholate salt, 150 mM NaCl, 20 mM TRIS, 

10 mM EDTA, 30 mM Na-Pyrophosphate, pH 7.5. 

Sample Loading Dye (6x): 9 % SDS, 50% Glycerol, 0.03 % Bromophenol Blue, 9% ß-Me, 375 mM 

Tris pH 6.8. 

Running Buffer (10x): 250 mM TRIS-Base, 1 % SDS, 2.5 M glycine 
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3.2.3.2 Coomassie staining of SDS gels 

SDS gels were liberated from their plastic scaffold rinsed with MilliQ H2O and put in a 

sealable container suitable for microwave heating. The gel was covered with 

Coomassie staining solution, sealed and heated in the microwave at maximum power 

until the staining solution boiled. Subsequently, the container was put on a rocking 

table for 5-10 min for cooling. The Coomassie staining solution was removed and the 

gel was washed twice with MilliQ H2O before de-stain solution was added. De-

staining was monitored until the desired level of de-staining was attained (incubation 

overnight). Stained protein bands were documented using the ChemiDocTM Imaging 

system (Bio-Rad). 

 
Coomassie staining solution: 0.1% Brilliant Blue R250, 10% acetic acid, 40% methanol 

De-stain solution: 10% acetic acid, 20% methanol 

 

3.2.3.3 Western blot analysis 

After protein samples have been separated by SDS-PAGE, proteins were transferred 

to a PVDF membrane using the mixed molecular weight protocol (7 min, 1.3 A) on 

the semi-dry Trans-Blot® Turbo™ Transfer System (Bio-Rad). Membranes were cut 

depending on the size of the protein of interest to allow simultaneous detection of a 

marker protein (i.e. ß-Actin). Subsequently, membranes were blocked with 5% skim 

milk or 5% bovine albumin fraction V (depending on antibody requirements) in TBST 

for at least 60 min. Primary antibodies were added according to the manufacturer’s 

protocol and applied overnight at 4°C under constant motion. On the next day, 

membranes were washed three times in TBST for 5 min and HRP-conjugated 

secondary antibodies were applied for 1-2 h in TBST containing either 5% skim milk 

or 5% bovine albumin fraction V (depending on previous blocking). Membranes were 

washed three times in TBST and proteins were visualized by application of Clarity™ 

Western ECL Blotting Substrate (Bio-Rad) following the manufacturer’s instruction. 

The ChemiDocTM Imaging system (Bio-Rad) was used for imaging and 

documentation. If necessary, antibodies were stripped from the PVDF membrane 

with 0.4 M NaOH for 7 min to allow the application of a different primary antibody. 

After stripping membranes had to be blocked again with 5% skim milk powder or 5% 
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bovine albumin fraction V in TBST for 60 min before the whole hybridization and 

developing procedure could be repeated. 

 
TBST: 25 mM TRIS, 125 mM NaCl, 0.1 % Tween-20, pH 7.6 

 

3.2.3.4 Gpx4-specific activity assay 

Gpx4-specific activity was determined enzymatically in a coupled test according to 
194. To this end, glutathione reductase and NADPH were added in non-limiting 

concentrations to the reaction mix to allow steady-state regeneration of GSH. PC-

OOH was used as a Gpx4-specific substrate. Gpx4 activity was measured 

spectrometrically at 340 nm as NADPH concentrations decrease during the reaction. 

Test samples (0.5-1.5 mg/mL protein) were mixed with 2.5 mL assay mix and 

incubated for 1 min at 37°C to allow the enzyme and glutathione to be converted to 

the reduced forms. The non-specific oxidation rate of NADPH was measured for 1 

min before 20-30 µM (final concentration) of PC-OOH (Gpx4-specific substrate) was 

added to start the reaction. The Gpx4 activity was calculated by subtracting the 

background NADPH oxidation rate from the NADPH oxidation rate after substrate 

supplementation.  

 
Assay mix: 0.1 M Tris-HCl, pH 7.4, 3 mM GSH, 10 mM NaN3, 5 mM EDTA, 1.5 IU glutathione 

reductase, 0.1% (v/v) Triton X-100, and 0.2 mM NADPH. 

PC-OOH: Produced by enzymatic oxidation of PC previously described in 194. 

 

3.2.4 General methods working with bacteria 

3.2.4.1 Preparation of chemical competent bacteria 

Chemical competent cells were made by the rubidium chloride procedure using the 

E.coli strain DH5α. Bacteria were grown overnight at 37°C in 250 mL LB medium 

supplemented with 20 mM MgSO4 until they reached the OD600 (optical density) of 

0.4-0.6. Bacteria were harvested at 4,500 x g for 5 min at 4°C. It was important that 

all subsequent steps were performed in the cold room (4°C) with pre-chilled 

instruments and reagents. The bacterial pellet was resuspended in 100 ml of buffer 1, 



  MATERIALS AND METHODS 

- 48 - 

incubated on ice for 5 min and centrifuged at 4,500 x g for 5 min at 4 °C. Supernatant 

was discarded and the pellet was resuspended gently in 10 ml of buffer 2 and 

incubated on ice for 30 min. Small aliquots of 200 µL were snap-frozen in liquid 

nitrogen and stored at -80°C for 4 month before the date of expiry. 

 
Buffer 1: 30 mM potassium acetate; 10 mM CaCl2; 50 mM MnCl2; 100 mM RbCl; 15 % glycerol; pH 

5.8 

Buffer 2: 10 mM 3-(N-morpholino) propansulfonic acid (MOPS); 75 mM CaCl2; 10 mM RbCl; 15 % 

glycerol; pH 6.5 

 

3.2.4.2 Preparation of electro-competent bacteria 

A pre-culture (3 mL LB medium) was inoculated with a single bacterial colony of the 

E.coli strain DH5α and grown overnight at 37°C and constant shaking. On the next 

day, this culture was used to inoculate the main culture (1 L of LB medium), which 

was grown at 37°C and constant shaking for 4-6 h until an OD600 of 0.5-0.8 was 

reached. The culture was chilled on ice for 15-30 min and subsequently spun down 

for 15 min at 4,000 x g and 4°C. The culture medium was removed and the bacterial 

pellet was washed with 1 L of ice cold H2O. Cells were collected again at 4,000 x g 

and 4°C. This washing step was repeated with 0.5 L of H2O. Subsequently, the pellet 

was resuspended in 20 mL of ice cold 10% glycerol and centrifuged again (15 min, 

4,000 x g, 4°C). After the supernatant was removed, the cell pellet was resuspended 

in 2.5 mL of ice cold 10% glycerol and aliquots of 125 µL were quickly frozen in a dry 

ice/EtOH bath and stored at -80°C. 

 

3.2.4.3 Transformation of chemical competent bacteria 

A single aliquot of chemical competent bacteria was thawed on ice for 15 min. After 

thawing, 50 µL were transferred to a fresh 1.5 mL Eppendorf tube and DNA was 

added to the bacteria. The sample was mixed gently and incubated on ice for 10 min 

before being exposed to a short (30 s) heat shock at 42°C. Subsequently, the 

bacteria were either plated directly on LB agar plates containing ampicillin (100 

µg/mL), or 500 µL of S.O.C. medium was added and the bacteria were allowed to 

regenerate for 60 min at 37°C before they were plated on LB plates containing other 
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antibiotic selection markers. LB plates were incubated overnight at 37°C until single 

colonies appeared.  

 

3.2.4.4 Transformation of electro-competent bacteria 

An aliquot of electro-competent bacteria was thawed slowly on ice. 50 µL of the 

aliquot were transferred into a sterile electroporation cuvette (0.2 mm gap) and DNA 

from ligation reactions, previously subjected to dialysis, was added. The cuvette was 

put into an electroporation device (Gene pulser XcellTM electroporation System) to 

apply a short electric pulse that facilitated DNA uptake (protocol: 2,5kV, 1 pulse). 

Immediately after the pulse was delivered, 150 µL of LB medium was added to the 

cuvette and the content was plated on LB agar plates containing selective antibiotics. 

The plates were incubated overnight at 37°C until colonies formed. 

 

3.2.5 Methods in cell culture 

3.2.5.1 Standard cell culture methods 

Pfa1, HT22, xCT- and human breast cancer cell lines were cultured in standard 

DMEM medium. Cell culture incubators were operated under humid conditions at 

37°C with 5 % CO2 (oxygen levels were not controlled for). Cultures were maintained 

below 80% confluency by periodically splitting them onto fresh cell culture dishes. 

Therefore, cells were washed with DPBS to remove residual culture medium and 

trypsinized using one volume of Trypsin-EDTA (0.05%) for 5 min at 37°C. By adding 

at least 2.5 volumes of standard DMEM trypsinization was terminated and a fraction 

of the detached cells was transferred to a fresh cell culture vessel already containing 

standard DMEM medium. Passage numbers were recorded.  

 

Standard DMEM: DMEM, 10 % FCS, 1 % glutamine, 50 U/ml penicillin G, 50 μg/mL streptomycin 

 

3.2.5.2 Freezing and thawing of cells 

Cryo-conserved stocks of all cell lines were stored in liquid nitrogen. If required, cells 

were thawed in a water bath at 37°C. In order to remove residual DMSO, cells were 
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washed in 5 ml of standard DMEM and centrifuged to remove the supernatant. Cell 

pellets were resuspended in 10 mL standard DMEM and seeded onto a 10 cm cell 

culture plate. 

Cryo-conserved cell stocks could be prepared when cells reached roughly 80% 

confluency. Therefore, cells were trypsinized and collected by centrifugation. The cell 

pellets were resuspended in standard DMEM medium containing 10% DMSO and 1 

mL aliquots were filled into cryo vials for freezing. Cryo vials were transferred to a Mr. 

Frosty™ freezing container filled with isopropanol and put to -80°C overnight to 

achieve a slow freezing process (-1°C/min). On the next day, cryo vials were 

transferred to a liquid nitrogen tank for long term storage. 

 
Standard DMEM: DMEM, 10 % FCS, 1 % glutamine, 50 U/ml penicillin G, 50 μg/ml streptomycin 

 

3.2.5.3 Determination of cell numbers (Neubauer chamber) 

In order to determine the necessary cell numbers, cells were trypsinized, centrifuged 

and the cell pellet was resuspended in 10 mL of standard DMEM. 20 µL of the 

suspension was mixed 1:1 with 0.4% trypan blue solution to stain for dead cells. A 

Neubauer chamber (improved) was used to determine the number of viable cells in 

the sample. 

 

Standard DMEM: DMEM, 10 % FCS, 1 % glutamine, 50 U/mL penicillin G, 50 μg/mL streptomycin 

 

3.2.5.4 Methods of gene transfer 

Electroporation 

Plasmids (20 µg) designated for electroporation were linearized overnight at room 

temperature using a suitable restriction enzyme. On the next day, the linearized DNA 

was precipitated by addition of 2 volumes of 70 % EtOH containing 75 mM NaCl. The 

precipitate was centrifuged (14,000 x g, 10 min, 4°C), the supernatant removed and 

the pellet washed with 70% EtOH. The DNA was air-dried under sterile conditions 

and solved in 50 µL of DPBS. Cells (1 Mio cells per electroporation) were trypsinized, 

washed in PBS and resuspended in 200 µL of FCS-free DMEM. The linearized DNA 
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was mixed with the cell suspension and pipetted into an electroporation cuvette (0.4 

cm gap). Electroporations were carried out on a Gene Pulser XcellTM electroporation 

device (230 V, 1,000 µF). 500 µL FCS was added directly into the cuvette 

immediately after the pulse was delivered. The cell suspension was transferred to a 

10 cm cell culture dish containing standard DMEM medium. Antibiotic selection was 

started 48 h after electroporation. The plasmids JF830 (Acsl1-GFP) and JF642 (GFP-

Acsl3) (kindly provided by Dr. Joachim Füllekrug) were used for the production of 

stable Acsl1 and Acsl3 expressing Pfa1 cells. 400 µg/mL Geneticin (G-418) was 

applied to select for recombinant cell clones. Additionally, Fluorescence-Activated 

Cell Sorting (FACS) was used to enrich cells that showed a strong GFP signal (BD 

FACSAriaTM II). 

 

Standard DMEM: DMEM, 10 % FCS, 1 % glutamine, 50 U/mL penicillin G, 50 μg/mL streptomycin 

 

Lipofection 

Cells were seeded at 40-50 % confluency on a 6-well plate 1 day prior to transfection. 

2 µg of plasmid DNA was mixed with 200 µL of serum-free DMEM medium and 6 µL 

of room temperature X-tremeGENE HP DNA Transfection Reagent (Roche) was 

added to the mix. After a short incubation (15-30 min) at room temperature the 

transfection complex was added drop-wise to cells. It was not necessary to change 

the medium after transfection since no toxicity of the transfection agent was 

observed. Expression of the transfected DNA could be observed 24-72 h after 

transfection. 

 

Lentiviral infection 

293T cells were used to produce replication-incompetent lentiviral particles 

pseudotyped with the ecotropic envelope protein of the murine leukemia virus (MLV). 

These viral particles can exclusively infect rodent cells and are considered non-

permissive to infect human cells which significantly improve their biosafety 195. A third 

generation lentiviral packaging system consisting of a transfer plasmid (lentiCas9-

Blast, pKLV-U6gRNA(BbsI)-PGKpuro2ABFP based or P442-PL1-Puro based 

vectors), pEcoEnv-IRES-puro (ecotropic envelope glycoprotein), pMDLg_pRRE (viral 
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proteins Gag and Pol) and pRSV_Rev (post-transcriptional regulator Rev) was co-

lipofected into 293T cells (see Lipofection) using 2 µg of total DNA (molar ratio 5: 2: 

10: 5). 72 h after transfection the cell culture medium containing viral particles was 

harvested and the cell debris was removed by gentle centrifugation (2000 rpm, 5 

min). Sterile filtration using a 0.45 µm low protein-binding syringe filter was necessary 

to reliably remove 293T cells from the infection medium. Aliquots of infectious 

medium were frozen and stored at -80°C. It was not advisable to concentrate 

ecotropic pseudotyped lentiviral particles via ultracentrifugation as they got partially 

inactivated during the process. For lentiviral infection an aliquot of infectious medium 

was thawed, mixed 1:1 with Standard DMEM, supplemented with protamine sulfate 

(8 µg/mL) to enhance viral transduction and added to the target cells. Antibiotic 

selection was started 48 h after viral infection. 

This approach was scaled up (3x 15 cm plates of 293T) for the production of the 

Genome-wide mouse lentiviral CRISPR gRNA library 188. For the lipofection of the 

third generation lentiviral packaging system, 20 µg of total plasmids in a molar ratio 

as described above were used per 15 cm plate. The MOI was determined by flow 

cytometry using different amounts of infectious supernatant and Blue Fluorescent 

Protein (BFP) as a marker for successful infection. 

 

Standard DMEM: DMEM, 10 % FCS, 1 % glutamine, 50 U/mL penicillin G, 50 μg/mL streptomycin 

 

3.2.5.5 Cell viability assays 

AquaBluer method 

Cells were seeded onto 96-well plates (2000 cells per well) and treated with different 

compounds ((1S,3R)-RSL3, Erastin, L-buthionine sulfoximine 63, dimethyl sulfoxide 

(DMSO), Menadione, tert-butylhydroperoxide (tBOOH), carbonyl cyanide-4- 

(trifluoromethoxy)phenylhydrazone (FCCP), rotenone, nocodazole, sulphoraphane, 

etoposide, phenylarsine oxide (PAO), tunicamycin, staurosporine, irinotecan, 

mitoxanrone, paclitaxel, rapamycin, auranofin, vinblastine, cytochalasin-D, 

rosiglitazone, pioglitazone, troglitazone, triacsin C, GW1929, azelaoy PAF, fatty acids 

(see fatty acid-dependent sensitization of ferroptosis)) after plating. Cell viability was 

assessed at different time points after treatment (usually 24 h, unless stated 
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otherwise) using AquaBluer as an indicator of viable cells according to the 

manufacturer's recommendations (MultiTarget Pharmaceuticals, LLC). 

 

Lactate dehydrogenase (LDH) release method 

Pfa1 cells and derived cell clones were seeded onto 6-well plates (30,000 cells per 

well) and treated with 1 µM 4-OH-tamoxifen (TAM) after plating to induce the KO of 

Gpx4. Aliquots of the cell culture supernatant were taken at different time points and 

cell death was quantified by measuring the released lactate dehydrogenase (LDH) 

with the Cytotoxicity Detection Kit (LDH) according to the manufacturer's instructions 

(Roche Diagnostics Deutschland). 

3.2.5.6 Determination of cellular iron levels 

Ferrozine-based assay 

An equal number of cells (300,000 per well) were seeded onto 6-well plates and 

treated with or without 1 mM ferric citrate and 2 mg/mL human transferrin overnight at 

37C° (samples in triplicates). Cells were washed three times with DPBS and pelleted 

by centrifugation. Pellets were resuspended in 200 µL of 50 mM NaOH and lysis 

continued for 2 h under constant shaking. Each sample was divided into two 

technical replicates of 100 µL and an equal amount of 10 mM HCl was added to 

each. The iron standard samples (0-300 µM Fe) were prepared in 10 mM HCl and 

100 µL of 50 mM NaOH was added to each standard sample. 100 µL of iron–

releasing reagent was added to all samples including the standard under the fume 

hood and incubated for 2 h at 60°C. Samples were cooled to room temperature and 

30 µL of iron-detecting reagent was added and mixed gently. After 30 min of 

incubation the absorbance (550 nm) of every sample was measured on a microplate 

reader. The iron content of each sample was determined by comparing absorbance 

to the iron standard samples. 

 

Iron-releasing reagent: 1.4 M HCl with equal volume of 4,5% (w/v) KMnO4 in H2O  

Iron detecting reagent: 6.5 mM ferrozine, 6.5 mM neocuproine, 2.5 mM ammonium acetate, 1M 

ascorbic acid 
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Phen green assay 

Cells were seeded onto a 6-well plate (50,000 cells per well) and cultured overnight 

in a cell culture incubator (37°C, 5 % CO2) in standard DMEM supplemented with or 

without 1 mM ferric citrate and 2 mg/ml human transferrin. On the next day, the 

medium was removed and cells were washed three times with DPBS. Subsequently, 

cells were incubated for 30 min in standard DMEM containing 5 µM of Phen GreenTM 

SK, washed again with DPBS and trypsinized to analyze the fluorescence profile of 

the samples using the 530/30 bandpass (BP) filter on a flow cytometer. 

 
Standard DMEM: DMEM, 10 % FCS, 1 % glutamine, 50 U/ml penicillin G, 50 μg/ml streptomycin 

 

3.2.5.7 Assessment of free total thiols 

To assay total sulfhydryl groups released into the medium, 200,000 cells were plated 

onto a 6-well plate and cultured overnight. Subsequently, the medium was removed 

and cells were washed two times with DPBS and covered in serum-free and phenol 

red-free DMEM. Aliquots (1.2 mL) were subsequently collected at desired time 

points. Total mercaptans secreted into the cell culture medium were determined as 

described previously 196. The collected aliquots were mixed with an equal volume of 

thiol assay buffer and the background absorbance was measured at 412 nm. 0.1 mL 

of 10 mM 5,5’-dithiobis (2-nitrobenzoic acid; DTNB) was added and incubated for 5 

min before the absorbance at 412 nm was measured again. The sulfhydryl content of 

samples was calculated from the increase in absorbance, using GSH as a standard. 

 

Thiol assay buffer: 0.2 M potassium phosphate 10 mM EDTA, pH 8.0 

 

3.2.5.8 Determination of intracellular GSH levels 

Cells were seeded onto a 6-well plate (1x105 cells per well) and cultured for 24 h as 

outlined above. Cells were washed three times with ice-cold PBS, extracted with 5% 

trichloroacetic acid, and then treated with ether to remove the trichloroacetic acid. 

Total glutathione content in the aqueous layer was measured using an enzymatic 
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method, based on the catalytic action of glutathione in the reduction of 5,5’-dithiobis 

(2-nitrobenzoic acid) by the glutathione reductase system 197. 

 

3.2.5.9 CRISPR/Cas9 genome-wide KO screen 

Replication incompetent lentiviral particles pseudotyped with the ecotropic envelope 

glycoprotein were produced in 293T cells (3x 15 cm plates) as described in chapter 

3.2.5.4. In order to determine the amount of infectious particles per mL an aliquot of 

infection medium was thawed and the multiplicity of infection (MOI) was determined 

on a flow cytometer using BFP expression as a marker for successful infection. 

Subsequently, ~6 Mio Pfa1-Cas9 cells were infected with these lentiviral particles 

containing a sgRNA library (87,897 mouse gRNAs targeting 19,150 mouse protein 

coding genes 188) at an MOI of 0.3 to minimize superinfection of cells. Two days after 

infection, cells were selected with increasing concentrations of (1S, 3R)-RSL3 (25-50 

nM) or ERA (3 µM) for 11 days. Genomic DNA was extracted from selected and 

unselected cells pools. Primers designed to bind to the pKLV-U6gRNA (BbsI)-

PGKpuro2ABFP library were used in multiple parallel PCR reactions to amplify a 

product of 241 bp encompassing the variable region (coding for the gRNA). By using 

different barcode sequences in the forward primer it was possible to combine PCR 

products from different cell pools in a unimolecular ratio to form a next generation 

sequencing (NGS) library suitable for sequencing on an Ion Torrent P1 chip (PrimBio 

Research Institute, LLC, Exton, PA). The NGS sequencing results were provided as 

separate FASTQ files for each barcode. The necessary sgRNA guide information 

was extracted from single reads of the FASTQ files using the FASTQ filter of 

ENCoRE. By counting the number of each sgRNA sequenced per sample it was 

possible to determine the sgRNA distributions before and after applied selections. 

Primers used for sample preparation: 

Oligo name Sequence 
IonSeqU6guide Barcode1 CCATCTCATCCCTGCGTGTCTCCGACTCAGCTAAGGTAACGGCTTTATATA

TCTTGTGGAAAGGACG 
IonSeqU6guide Barcode2 CCATCTCATCCCTGCGTGTCTCCGACTCAGTAAGGAGAACGGCTTTATATA

TCTTGTGGAAAGGACG 
IonSeqU6guide Barcode3 CCATCTCATCCCTGCGTGTCTCCGACTCAGAAGAGGATTCGGCTTTATATA

TCTTGTGGAAAGGACG 
IonSeqU6guide Barcode4 CCATCTCATCCCTGCGTGTCTCCGACTCAGTACCAAGATCGGCTTTATATAT

CTTGTGGAAAGGACG 
IonSeqU6guide Barcode5 CCATCTCATCCCTGCGTGTCTCCGACTCAGCAGAAGGAACGGCTTTATATA

TCTTGTGGAAAGGACG 
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IonSeqU6guide Barcode6 CCATCTCATCCCTGCGTGTCTCCGACTCAGCTGCAAGTTCGGCTTTATATA
TCTTGTGGAAAGGACG 

IonSeqU6guide trP1 CCTCTCTATGGGCAGTCGGTGATACTGCCTTGGGAAAAGCGCCTCCCCTA 
 

3.2.5.10 CRISPR/Cas9-mediated KO of individual genes 

Single sgRNA guides were designed to target critical exons using the online tool 

http://crispr.mit.edu. Guides were cloned using annealed oligonucleotides with 

specific overhangs complementary to the BbsI-digested pKLV-U6gRNA(BbsI)-

PGKpuro2aBFP vector (see chapter 3.2.1.12).  

Transient expression of the CRISPR/Cas9 system 

Cells were seeded onto a 6-well plate (200,000) and cultured for 24 h. On the next 

day, cells were lipofected with a 1:1 ratio mix (usually 1 µg each) of a Cas9 

expressing plasmid (pCAG-Flag-Nls-Cas9-Nls 182) and the desired sgRNA 

expressing plasmid (pKLV- U6gRNA-PGKpuro2aBFP) using the X-tremeGENE HP 

agent according to the manufacturer’s recommendations (Roche). After 2 days, cells 

were plated onto a 15 cm plate at very low density (100-500 cells per 15 cm plate) 

and colonies were allowed to form during the course of 10 days. Single cell clones 

were picked and genotypes analyzed using sequence validation of the corresponding 

genomic locus. CRISPR/Cas9 induced deletion/insertions were detected using the 

TIDE: Tracking of Indels by DEcomposition (www.tide.nki.nl) online tool. Single 

clones with out-of-frame mutations were used for further analysis (Western 

blot/qPCR/Cell viability assay). 

 

Stable expression of the CRISPR/Cas9 system 

Pfa1 cells were infected with replication incompetent ecotropic lentivirus particles 

containing the LentiCas9-Blast construct. After 48 h cells were selected with 10 

µg/mL blasticidin for 5 days. Blasticidin-resistant cells (Pfa1-Cas9) were used for a 

second infection with ecotropic lentivirus particles containing the desired sgRNA 

expressing plasmid (pKLV-U6gRNA-PGKpuro2ABFP). Two days after infection, cells 

were sorted on a BD Bioscience FACSARIA II using BFP as a marker. The BFP-

positive cell population was seeded onto a 15 cm dish at very low density (100-500 

cells per 15 cm plate) and colonies were allowed to form in the course of 10 days. 

The KO of genes in single clones was analyzed as described above. 
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3.2.5.11 CRISPR/Cas9 colony forming assay 

Cells were seeded onto a 6-well plate (200,000 per well) and cultured overnight at 

standard cell culture conditions. On the next day, cells were lipofected with a 1:1 ratio 

mix (usually 1 µg each) of a Cas9 expressing plasmid (pCAG-Flag-Nls-Cas9-Nls 182) 

and the desired sgRNA expressing plasmid (pKLV- U6gRNA-PGKpuro2aBFP) using 

the X-tremeGENE HP agent according to the manufacturer’s recommendations 

(Roche). Negative control samples were either lipofected with pmaxGFP or did not 

include the Cas9 expressing plasmid. After 2 days, cells (from each 6-well) were split 

to 4 x 10 cm cell culture dishes and 120 nM of RSL3 was added for 24 h. After this 

selection, RSL3 was removed and cells were allowed to recover and form colonies in 

Standard DMEM for 7 days. The medium was removed, cells were washed with 

DPBS and colonies were fixed and stained by addition of Methylene Blue Staining 

Solution for 15 min. Staining solution was collected for reuse in a glass bottle and the 

plates were rinsed gently with H2O to remove the staining solution. Subsequently, 

plates were air-dried and the colonies numbers were assessed in a double blinded 

manner. 

 

Standard DMEM: DMEM, 10 % FCS, 1 % glutamine, 50 U/mL penicillin G, 50 μg/mL streptomycin 

Methylene Blue Staining Solution: 0.2 % methylene blue (w/v) in a solution of 50% H2O and 50% 

methanol 

 

3.2.5.12 Fatty acid-dependent sensitization to ferroptosis 

Pfa1 Acsl4 KO cells were seeded onto 96-well plates (2000 cells per well). After cells 

were attached to the cell culture dish (approximately 6 h after plating), they were 

treated for 16 h with different concentrations of fatty acids (arachidic acid, oleic acid, 

eicosaeonic acid, (11, 14) eicosadienoic acid, (5, 8, 11) eicosatrienoic acid, (11, 14, 

17) eicosatrienoic acid, (8, 11, 14) eicosatrienoic acid, γ-linoleic acid, α-linolenic acid, 

linoleic acid, AA, AdA, docosahexaenoic acid, eicosapentaenoic acid) solved in 0.1% 

fatty acid-free BSA. Subsequently, cells where treated with or without 100 nM (1S, 

3R)-RSL3 and the cell viability was assessed 4 h thereafter using the AquaBluer 

assay. 
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3.2.5.13 Assessment of lipid peroxidation 

150,000 cells were seeded onto each well of a 6-well plate and incubated overnight 

under normal conditions. On the next day, cells were treated with the indicated 

concentrations of (1S, 3R)-RSL3 to induce ferroptosis. Cells were incubated with 

C11-BODIPY(581/591) (1 μM) or SPY-LHP (10 µM; Dojindo EU GmbH, Munich, 

Germany) for 30 min at 37°C in a tissue culture incubator before harvest by 

trypsinization. Subsequently, cells were resuspended in 500 μL of fresh PBS (DPBS, 

Gibco) strained through a cell strainer and analyzed using the 488-nm laser of flow 

cytometer (FACS Canto II, BD Biosciences) for excitation. Data was collected from 

the FL1 detector (C11-BODIPY/Spy-LHP) with a 502 LP and 530/30 BP filter. At least 

10,000 cells were analyzed per sample. Data analysis was conducted using FlowJo 

Software. 

 

3.2.5.14 Doxycycline-inducible expression of human ACSL4_short in Acsl4 
KO cells 

Human ACSL4_short was cloned in the pRTS1 vector 193 (described in 3.2.1.12). 

Acsl4 KO Pfa1 cells were electroporated with the cloned construct and selected with 

hygromycin (600 µg/mL) for at least 3 weeks. Single cell clones were selected and 

the doxycycline-inducible ACSL4_short expression was verified by Western blot after 

cells were treated for 24 h with 1 µM of doxycycline. In order to determine the amount 

of ACSL4_short necessary for ferroptosis execution, 96-well plates were seeded with 

2000 cells per well, treated overnight with different concentrations of doxycycline and 

ferroptosis was induced by adding 120 nM of RSL3. On the next day, the cell viability 

was assessed using the AquaBluer assay. In parallel, 6-well plates containing 

100,000 cells were treated overnight with the same concentrations of doxycycline to 

determine ACSL4 expression levels using Western blot analysis. 
 

3.2.5.15 ShRNA screening in xCT- cells 

10 x 10 cm cell culture plates containing each 3 Mio xCT- cells were infected (MOI of 

~0.3) with lentiviral particles of 10 separate sub-pools of the MISSION® LentiPlex® 

Pooled shRNA library. Infections were performed under biosafety level S2 conditions 

and cells were transferred from S2 to S1 environment after multiple medium changes 
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(48 h after infection), if the cell culture supernatants were tested negative for lentiviral 

particles (p24 Enzyme-linked Immunosorbent Assay (ELISA)). Cells from the 10 cm 

dishes were seeded at low density (300,000 cells) onto 3 x 15 cm dishes for selection 

(ß-Me was withdrawn for 48 h followed by a recovery phase of 48 h) and the rest of 

the cells was plated to a single 15 cm plate without selection. The selection 

procedure was repeated to ensure stringent selection and gDNA was harvested 

when colonies were visible. Likewise, the unselected cell pools were harvested when 

the 15 cm dish grew confluent. For each gDNA sample (10 x selected, 10 x 

unselected sample), 5 parallel PCR reactions were performed amplifying the variable 

region of the contained shRNA construct. Different barcodes embedded in the 

reverse primer sequences enabled the preparation of a combined DNA library that 

was suitable for Next-Generation Sequencing (NGS) on an Ion Torrent P1 chip 

(PrimBio Research Institute, LLC, Exton, PA) using a custom sequencing primer 

(1154_NGSshRNAlibrary_seq). Our developed Bioinformatics tool was used to 

extract the relevant sequence information (sense strand of shRNA) and remove 

unnecessary sequences. The processed ‘cleaned’ reads were used in the LentiPlex 

search database to identify the corresponding genes and subsequently analyze the 

shRNA distributions in the selected and unselected cell pools. 

Oligo name Sequence 

1151_NGSshRNAlibrary_for AATGATACGGCGACCACCGAGATCTGCATATACGATACAAGGCTGTTAGA
GAGA 

1152_NGSshRNAlibrary_unse
lected_index5_rev 

CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGT
GTGCTCTTCCGATCATGTCTACTATTCTTTCCCCTGCACTG 

1153_NGSshRNAlibraryselect
ed_index6_rev 

CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGT
GTGCTCTTCCGATCATGTCTACTATTCTTTCCCCTGCACTG 

1154_NGSshRNAlibrary_seq TCTTGTGGAAAGGACGAAACACCGG 
 

3.2.5.16 Measurement of mitochondrial oxygen consumption rate 

 

Parental Pfa1 WT and Acsl4 KO cells were adapted to glucose or galactose as 

primary energy source (in standard DMEM) for 2 weeks. Subsequently, cells (4x104) 

were seeded onto a 96-well microtiter plate and incubated overnight in a cell culture 

incubator. On the next day, cells were washed with DPBS and incubated for 1 h at 

37°C with Seahorse assay medium (with or without glucose). In order to determine 

the mitochondrial respiration rate, the 96-well plate was placed into a Seahorse 

XFe96 Extracellular Flux Analyzer which sequentially injected oligomycin A (1 µg/µL), 
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FCCP (0.5 µM), antimycin A (2 µM) and rotenone (5 µM) while measuring the oxygen 

consumption rate (OCR). 

 
XF Modified Assay Medium: 10% FCS, 40 mM sodium bicarbonate, 25 mM glucose 

 

3.2.5.17 Measurement of antioxidant capacity of compounds 

In order to determine the antioxidant activity of troglitazone, rosiglitazone, 

pioglitazone, triacsin C and α-tocopherol, 10 mM solutions were prepared in DMSO. 

100 µL of serial dilutions (in MeOH) of the compounds ranging from 0.1-100 µM were 

pipetted as triplicates into a 96-well plate. 2,2-diphenyl-1-picrylhydrazyl (DPPH) was 

solved in MeOH to generate a 400 µM stock solution of deep violet color. 100 µL of 

the 400 µM DPPH stock solution was added to each well of the diluted compounds 

and the reaction was incubated at room temperature until equilibrium was reached. 

Antioxidant compounds react with the stable DPPH radical to form a colorless/pale 

yellow non-radical DPPH molecule. The absorbance at 517 nm was measured on a 

SpectraMax M5 plate reader. Absorbance was compared with a DPPH calibration 

curve to assess radical scavenging properties of the compounds. 

 

3.2.6 (Oxi)lipidome analysis using mass spectrometry (MS) 

All experiments concerning the (oxi)lipidome analysis were performed by the group of 

Prof. Dr. Valerian Kagan (Pittsburgh University, USA). 

 

3.2.6.1 Normal phase column separation of phospholipids 

Phospholipids were separated on a normal phase column (Luna 3 µm Silica 100Å, 

150 x 2.0 mm, (Phenomenex)) at a flow rate of 0.2 mL/min on a Dionex Ultimate 

3000 HPLC system198. The column was maintained at 35°C. The analysis was 

performed with gradient solvents (A and B) containing 10 mM ammonium acetate 

and 0.5 % trimethylamine. The column was eluted for 0.5 min isocratically at 25% B, 

then from 0.5 to 6.5 min with a linear gradient from 25% to 40% solvent B, from 6.5– 

25 min using a linear gradient of 40-55% Solvent B, from 25-38 min with a linear 

gradient of 55-70% solvent B, from 38-48 min using a linear gradient of 70%-100% 
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solvent B, then isocratically from 48-55 min at 100% solvent B followed by a return to 

initial conditions from 55-70 min from 100% to 25% B. The column was then 

equilibrated at 25 % B for an additional 5 min. All solvents were LC/MS grade. 

 

Solvent A: Propanol, hexane and H2O (285:215:5, v/v/v) 

Solvent B: Propanol, hexane and H2O (285:215:40, v/v/v) 

 

3.2.6.2 LC-MS analysis of phospholipids and fatty acids 

Lipids were extracted as previously reported 199 and phospholipids and fatty acids 

were further analyzed by LC-MS/MS using normal phase (silica) or reverse phase 

(C18) chromatography followed by MS and MS/MS analysis on a Q-Exactive 

hybridquadrupole-orbitrap mass spectrometer. 

 

3.2.6.3 LC-MS analysis of free and esterified fatty acids 

Lipids were extracted by using Folch’s procedure 199. Oxygenated free fatty acids 

were obtained from total lipids by solid-phase extraction (SPE) 200 using OASIS HLB 

1cc (30 mg) extraction cartridges (Waters, Milford, MA) as described 201. To liberate 

esterified oxygenated fatty acids, lipid extracts were treated with platelet-activating 

factor-acetylhydrolase (PAF-AH) (0.01 units/100 nmol of phospholipids, 45 min at 

37°C in HEPES buffer pH 7.4). Liberated oxygenated fatty acids were extracted by 

SPE and analyzed by reverse phase LC/MS (see below). 

 

3.2.6.4 Identification of oxygenated phosphatidylethanolamine (PEox) in cells 

Phosphatidylethanolamine (PE) fraction (containing both non-oxygenated and 

oxygenated PE) was obtained from WT cells treated with AA and exposed to RSL3 

by normal phase LC. PE and PEox (PE-OOH) were separated on a reverse phase 

column (Luna 3 µm C8 198 100A, 150 x 4.6 mm, (Phenomenex, Inc. Torrance, CA). 

The column was maintained at room temperature. The analysis was performed using 

an isocratic solvent system consisting of acetonitrile/H2O/trimethylamine/acetic acid 

(45/5/0.5/0.5, v/v/v/v). All solvents were LC/MS grade. The column was eluted at a 
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flow rate of 1.5 ml/min and the eluant was monitored by UV absorbance at 205 and 

235 nm on a Shimadzu HPLC system (Shimadzu, Inc. Columbia, MD). Fractions 

containing PEox were collected and identification was confirmed by mass 

spectrometry. 

 

3.2.6.5 MS and MS/MS analysis of phospholipids 

MS and MS/MS analysis of PLs was performed on a Q-Exactive hybrid-quadrupole-

orbitrap mass spectrometer (ThermoFisher, Inc. San Jose, CA). Analysis was 

performed in negative ion mode at a resolution of 140,000 for the full MS scan and 

17,500 for the MS2 scan in a data-dependent mode. The scan range for MS analysis 

was 400-1800 m/z with a maximum injection time of 128 ms using 1 microscan. A 

maximum injection time of 500 ms was used for MS2 (high energy collisional 

dissociation (HCD)) analysis with collision energy set to 24 with an inclusion list for 

phospholipids including PE, phosphatidylcholine (PC) and cardiolipin (CL) and their 

oxidized and deuterated products. An isolation window of 1.0 Da was set for the MS 

and MS2 scans. Capillary spray voltage was set at 3.5 kV, and capillary temperature 

was 320 OC. The S-lens Rf level was set to 60.  

 

3.2.6.6 MS and MS/MS analysis of fatty acids 

MS and MS/MS analysis of PLs was performed on a Q-Exactive hybrid-quadrupole-

orbitrap mass spectrometer (ThermoFisher, Inc. San Jose, CA). Analysis was 

performed in negative ion mode at a resolution of 140,000 for the full MS scan and 

17,500 for the MS2 scan in a data-dependent mode. The scan range for MS analysis 

was 150-500 m/z with a maximum injection time of 100 ms using 1 microscan. A 

maximum injection time of 100 ms was used for MS2 (high energy collisional 

dissociation (HCD)) analysis with collision energy set to 30 with an inclusion list for 

fatty acids, fatty acid metabolites and their oxidized and deuterated products. An 

isolation window of 1.0 Da was set for the MS and MS2 scans. Capillary spray 

voltage was set at 3.2 kV, and capillary temperature was 320 OC. The S-lens Rf level 

was set to 65. 
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3.2.7 Histological methods 

3.2.7.1 Organ fixation 

Organs were fixed immediately after dissection in 4% paraformaldehyde (PFA) 

overnight. Subsequently, the organs were transferred to 70 % EtOH overnight 

followed by 1 h incubations in a successive series of increasing EtOH solutions (80%, 

95% and 100%). To facilitate complete dehydration, organs were incubated in Xylol 

for 1.5 h and afterwards transferred to liquid paraffin (60°C) overnight. On the next 

day, organs were embedded into paraffin blocks for subsequent cutting. 

 

3.2.7.2 Preparing paraffin sections 

Paraffin embedded organs were cut (10 µm) with a microtome device (HM 355S 

Rotary Microtome) and slices were unfolded in a 37°C water bath before transferring 

them on optical slides. Sections were dried overnight at 37°C. 

 

3.2.7.3 Immunohistochemistry (IHC) 

Tissue sections were deparrafinized by placing the slides three times for 5 min each 

in xylol, followed by two washing steps (for 10 min) in 100 % ethanol and 95 % 

ethanol each, and two final washing steps (5 min) in MilliQ H2O. Antigens were 

retrieved by boiling the slides in citrate buffer for 1 min at 900 W followed by sub-

boiling temperatures maintained for 10 min. Slides were allowed to cool for 30 min 

and washed three times with MilliQ H2O before inactivating the endogenous 

peroxidase activity by incubation in 3 % hydrogen peroxide (in MeOH) for 10 min. 

Thereafter, slides were washed twice in MilliQ H2O and once in TBST Buffer. Tissue 

sections were incubated for 1 h in blocking solution at room temperature. The 

blocking solution was removed and the primary antibody (ACSL4 [sc-271800] 1:20 in 

TBST with 5 % goat serum) was incubated overnight at 4 C° on pap pan encircled 

sections to avoid sample drying. On separate sections, the primary antibody was 

omitted as control (TBST with 5 % goat serum). On the next day, tissue sections 

were washed three times with TBST and the biotinylated secondary antibody (goat 

anti-mouse biotin conjugated [Jackson Immuno Research, 115-065-003], 1:200 in 

TBST with 5 % goat serum) was incubated for 30 min at room temperature. Slides 
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were rinsed three times with TBST, and ABC-Reagent (Vector Laboratories) was 

added to the tissue sections for 30 min. Sections were washed three times in TBST 

before Diaminobenzidin (DAB)-reagent was added to develop the tissue sections (2 

min). DAB-Reagent was removed by immersing slides in MilliQ H2O. Subsequently, 

hematoxylin counterstaining for visualizing nuclei (blue color) was applied by 5 min 

incubation in acidic hematoxylin solution (Carl Roth; T865) followed by two washing 

steps in MilliQ H2O and 15 min blueing under running tap water. Sections were 

washed once in MilliQ H2O. Finally, sections were dehydrated by incubating slides 

for 5 min in 70 % ethanol and subsequently washing slides twice (5 min) in 95 % 

ethanol, twice (5 min) in 100 % ethanol and two times (5 min) in xylol. Slides were 

sealed with cover slips using Roti®-Histokitt solution. Sites of brown staining 

revealed primary antibody binding in the tissue slices. 

 

Citrate Buffer: 10 mM sodium citrate, pH 6.0 

TBST Buffer: 25 mM TRIS, 125 mM NaCl, 0.1 % Tween-20, pH 7.6 

Blocking Solution: TBST supplemented with 5 % goat-serum 

ABC-Reagent: Vectastain ABC HRP Kit (Vector Laboratories) 

DAB-Reagent: Peroxidase Substrate Kit, DAB 

 

3.2.7.4 Transmission electron microscopy (TEM) 

Cell pellets were fixed in 2.5 % electron microscopy grade glutaraldehyde in 0.1 M 

sodium cacodylate buffer pH 7.4, postfixed in 2% aqueous osmium tetraoxide, 

dehydrated in gradual ethanol (30–100%) and propylene oxide, embedded in Epon 

and cured for 24 h at 60°C. Semithin sections were prepared and stained with 

toluidine blue. Ultrathin sections (50 nm) were placed onto 200 mesh copper grids, 

stained with uranyl acetate and lead citrate before transmission electron microscopy 

analysis (Zeiss Libra 120 Plus, Carl Zeiss NTS GmbH, Oberkochen, Germany). 

Pictures were taken using Slow Scan CCD-camera and iTEM software (Olympus Soft 

Imaging Solutions, Münster, Germany). 
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3.2.8 Animal husbandry 

3.2.8.1 Animal facilities 

Mice were kept and bred under controlled environment (22 ± 2°C, 55 ± 5 % humidity, 

12 h light/dark cycle) in the animal facilities of the Helmholtz Zentrum Munich 

according to national and institutional guidelines. Therefore, up to five animals were 

grouped per cage containing food pellets, water supply and nesting material. Cages 

with breeding pairs contained an additional housing container. Offspring was weaned 

from the mothers around 21 days after birth and received earmarks for identification 

purposes. The ear punch tissue was used for subsequent genotyping. 

 

3.2.8.2 Establishment of new genetically modified mouse lines 

The mouse strain Acsl4tm1a(EUCOMM)wtsi (MGI:1354713) produced by EUCOMM was 

imported as cryo-conserved sperm samples from the European Mouse Mutant 

Archive (EMMA), and foster animals (C57BL/6j) were fertilized in vitro. Mice that had 

received the mutant allele were identified by genotyping (see 3.2.1.9 and 3.2.2.10). 

During the course of breeding the following mouse lines were used to introduce 

additional traits (transgene expression or additional mutant alleles). 

 

3.2.8.3 Tamoxifen-inducible gene KO in mice 

The generation of mice with a TAM-inducible full body deletion of Gpx4 except brain 

(referred to as ROSA26CreERT2; Gpx4 fl/fl) was previously described in detail 78. In 

brief, TAM treatment of these mice causes loss of Gpx4 expression in kidney (and 

other tissues), acute renal failure and death at approx. 12 days post induction. To 

achieve inducible disruption of the loxP flanked Gpx4 allele(s) (Gpx4fl/fl), mice (>8 

weeks of age; male and female) were injected twice (48h interval) with 0.5 mg 4-OH-

Tamoxifen (TAM) dissolved in Miglyol. 

Similarly, Acsl4 KO was induced in Acsl4 fl/fl mice with and without 

ROSA26CreERT2 expression to validate the inducibility of the generated mouse 

model. 
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3.2.8.4 In vivo treatment of TAM-inducible Gpx4 fl/fl mice with rosiglitazone 

Animals included in the treatment study of TAM-inducible Gpx4-/- mice were equally 

distributed between sex and weight, with typically 8-10 weeks of age. The average 

weight within the groups was between 22 and 24 g. Groups were formed to have 

comparable numbers of females/males of the same age. Animal weight was arranged 

to have a similar distribution between females and males. For the pharmacological 

inhibitor experiments, ROSA26CreERT2; Gpx4 fl/fl mice were injected on day 0 and 

2 with 0.5 mg TAM dissolved in Miglyol. Rosiglitazone was administrated in the 

drinking water (0,0125 mg/mL) along with vehicle control (1% dimethylsulfoxide 

(DMSO) in water) 1 week prior to the TAM injections and drinking water was replaced 

every second day continually during the whole experiment. Survival analysis was 

performed using the GraphPad Prism software and statistical analysis was done 

according to the log-rank (Mantel Cox) test. The compounds, vehicle and 

Rosiglitazone, were both odorless and colorless ensuring no detectable bias. Daily 

animal assessment was performed in a blinded fashion. When animals showed 

terminal signs, they were euthanized. No statistical method was used to 

predetermine sample size for the treatment of the Gpx4 fl/fl mice. Mice were kept 

under standard conditions with food and water ad libitum. All experiments were 

performed in compliance with the German Animal Welfare Law and have been 

approved by the institutional committee on animal experimentation and the 

government of Upper Bavaria. 

 

3.2.9 Data presentation and statistical analyses 

Data are presented as mean ± s.d. unless stated otherwise. As a general rule for the 

cell-based experiments, the graphs show the mean ± s.d. of n=x wells (x values are 

given in the figure legends) representative of a single experiment performed 

independently y times (y value is given in figure legends) for reproducibility. Statistical 

analysis was performed using GraphPad Prism 5.0 software. 
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4 RESULTS 

4.1 Screening for novel pro-ferroptotic genes 

Knowledge about which factors determine ferroptosis resistance versus sensitivity 

downstream of Gpx4 depletion is still scant. In order to identify novel genes 

essentially contributing to the ferroptotic process, three different technologies, 

including a RNA interference based screen, transcriptional analysis (microarray) of 

ferroptosis resistant cells and a CRISPR-mediated genome wide KO screen, were 

used to uncover potential candidate genes that modulate ferroptotic cell death. Parts 

of the results presented in this dissertation have been published in two Nature 

chemical biology publications 202, 203. 

 

4.1.1 RNA interference-based screening 

RNA interference technology is routinely used for precise modification of gene 

expression levels via specific mRNA degradation that is mediated by the endogenous 

RNA-induced silencing complex (RISC). Thereby short hairpin RNAs (shRNA) bound 

to the RISC complex provide on-target information for specific gene knockdowns. A 

combined array of shRNAs (MISSION® Mouse shRNA library from Sigma-Aldrich) 

with an average of 5 different shRNAs targeting each mouse gene was used in a 

synthetic lethal screening approach to reveal pro-ferroptotic genes. Mouse embryonic 

fibroblasts (MEFs) previously derived from system xc
- KO mice were used as a model 

system to induce GSH deprivation resulting in ferroptosis 82, 83, 87. These KO cells, in 

the following referred to as xCT- cells, are inherently depend on the supplementation 

of ß-Me, which forms a mixed disulfide with extracellular cystine releasing cysteine in 

the process. Both the mixed disulfide and cysteine are subsequently accessible for 

the cells via neutral amino acid transporters, preventing GSH depletion and 

ferroptotic cell death 50 (Figure 11 A). xCT- cells were infected with MISSION® 

Mouse shRNA library lentiviral particles at multiplicity of infection (MOI) of 0.3. 

Subsequently, ß-Me was withdrawn to induce cell death as a consequence of 

cysteine starvation and thus GSH depletion. 48h selection was followed by a 

recovery phase (addition of ß-Me) for the same period and this process was repeated 

twice to ensure stringent selection. gDNA was extracted from the selected and 
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Figure 11: ShRNA screen using xCT- cells. 
(A) Aquabluer-based cell viability assay of xCT- cells cultured with and without ß-Me supplementation for 24h. 
Data shown represents the mean ± s.d. of n = 3 wells of a 24-well plate from a representative experiment, P = 
0,005 (one-way ANOVA) (B) sHRNAs from selected and unselected xCT- cell populations were amplified by PCR 
using primers 1151_NGSshRNAlibrary_for/1152_NGSshRNAlibraryindex5_rev for the unselected cell pool and 
1151_NGSshRNAlibrary_for/1153_NGSshRNAlibraryindex6_rev for the selected population. (C) CRISPR colony 
forming assay performed with sgRNAs for the candidate genes ubiquinol cytochrome c reductase core protein 2 
(Uqcrc2), NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 13 (Ndufa13), NADH dehydrogenase 
(ubiquinone) 1 alpha subcomplex 9 (Ndufa9), iron-sulfur cluster assembly 1 (Isca1), B cell leukemia/lymphoma 2 
related protein A1a (Bcl2a1a), receptor (TNFRSF)-interacting serine-threonine kinase 1 (Rip1), and apoptosis-
inducing factor mitochondrion-associated 1 (Aifm1). Control cells were either not transfected with a Cas9 
expressing plasmid (no Cas9 ctrl) or alternatively transfected with pmaxGFP (GFP ctrl) expressing plasmid. Data 
represents the mean ± s.d. colony number formed of n=4 10 cm cell culture plates counted. Only cells treated with 
Uqcrc2 sgRNA formed significantly more colonies than the no Cas9 control, P< 0.01 (one-way ANOVA).(D) 
Scheme showing the binding site of the sequencing primer 5’ from the shRNA coding site in the vector pLKO.1-
puro. 

unselected cell pool (control) and contained shRNA constructs were amplified using 

parallel PCR reactions to generate a ready to sequence next-generation libraries 

using two different barcodes in the PCR primers (Figure 11 B). PCR products were 

purified and equimolar amounts of selected and control PCR products were used for 

next-generation sequencing (NGS) on an ion torrent P1 chip using a custom 

sequencing primer that binds in front of the sense strand of the shRNA construct 

(Figure 11 D). The contained shRNA sequence information was extracted and 

quantified from the raw sequencing files. Target genes were identified via the 

provided LentiPlex shRNA sequence search database (access file attached: 

LentiPlexsearch.mdb). Results were sorted to display the most represented shRNAs 

of the selected cell pool as top hits (excel file 1 on CD). The two most abundant 
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shRNAs identified in the selected cell pool (count6Treated) targeted the genes Iron-

Sulfur Cluster Assembly 1 (Isca1) and B cell leukemia/lymphoma 2 related protein 

A1a (Bcl2a1a). Additionally, the results were sorted to display the shRNAs with the 

highest fold changes from the selected (countl6Treated) vs. unselected 

(countl5Control) cell pool, excluding shRNAs that were only sequenced once in the 

unselected pool (excel file 2 on CD). Since several mitochondrial respiratory chain 

genes (ubiquinol cytochrome c reductase core protein 2 (Uqcrc2), NADH 

Dehydrogenase (Ubiquinone) 1 Alpha Subcomplex, 13 (Ndufa13), Ndufa9, Ndufa4 

and Ndufa10) appeared to be enriched >1000-fold in the cell population undergoing 

cysteine starvation, I decided to add these to the list of putative candidate genes. 

CRISPR sgRNAs were designed for Isca1, Bcl2a1a and a handful of cherry-picked 

candidate genes essential for the mitochondrial electron transport chain, such as 

Uqcrc2, Ndufa13 and Ndufa9, as well as for receptor-interacting serine/threonine-

protein kinase 1 (Rip1), a gene essential for the execution of necroptosis. 

Additionally, a sgRNA was designed for the gene apoptosis-inducing factor 

mitochondrion-associated 1 (Aifm1) previously reported to be important for 

ferroptosis execution 88. A CRISPR-based colony forming assay performed in Pfa1 

cells was used as a proxy to assess the putative screening hits. Transient expression 

of the CRISPR system was used to generate mutant cell pools that were 

subsequently tested for their potential to form colonies after ferroptosis was induced 

using RSL3 (Gpx4 inhibitor). The KO of Uqcrc2 appeared to induce partial ferroptosis 

resistance in Pfa1 cells as more colonies were observed after RSL3 treatment 

compared to control cells without Cas9 expression (Figure 11 C). However, the 

overall protection of the sgRNA for Uqcrc2 was not robust enough to further analyze 

the role of this gene in ferroptosis. Surprisingly, the sgRNA targeting Aifm1 did not 

increase colony formation, indicating that Aifm1 may not be necessary to execute 

ferroptosis. 

 

4.1.2 Transcriptional analysis of ferroptosis-resistant mouse embryonic 
fibroblasts 

A second independent approach to identify critical ferroptosis players was to 

compare expression profiles from ferroptosis-resistant versus -sensitive cell clones 

derived from an isogenic background. This analysis (outlined in figure 12 A), which 
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Figure 12: Transcriptome analysis of ferroptosis resistant cells clones to identify potential pro-/anti-
ferroptotic players. 
(A) Workflow showing the generation and transcriptome analysis of ferroptosis-resistant cell clones. (B) Dose-
dependent toxicity of (1S, 3R)-RSL3 (RSL3) in Pfa1 cells. Cell viability was measured 24 h after treatment using 
AquaBluer. Data shown represents the mean ± s.d. of n = 3 wells of a 96-well plate from a representative 
experiment performed independently three times. (C) Upper panel, time-dependent release of Lactate 
dehydrogenase (LDH) in Pfa1 cells and RSL3-resistant Pfa1 clones (cB1, cB3 and cB7) during Gpx4 deletion with 
4-hydroxytamoxifen (TAM) (1 µM); supernatants collected at different time points after TAM induction assayed for 
LDH activity in a 96-well plate. Data represents the mean ± s.d. of n = 3 wells from an experiment performed 
independently two times, P < 0.05 (one-way ANOVA). Bottom panel, immunoblot analysis of Gpx4 expression 48 
h after TAM treatment demonstrating equal Gpx4 deletion between the cell lines tested. Data kindly provided by 
Dr. José Pedro Friedmann Angeli. (D) Top 5 up – and downregulated transcripts in ferroptosis-resistant cell 
clones. Data was processed using the GenomeStudioV2010.1software (gene expression module version 1.6.0) in 
combination with the MouseRef-8_V2_0_R3_11278551_A.bgx annotation file. 

was carried out in collaboration with Dr. José Pedro Friedmann Angeli, took 

advantage of a MEF cell line carrying LoxP flanked alleles of Gpx4 in addition to 

stable expression of 4-hydroxytamoxifen (TAM) -inducible Cre recombinase (referred 

to as Pfa1 cells 88). Pfa1 cells exclusively die by ferroptosis when treated with a 
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variety of FINs 78. Although ferroptosis-resistant cell clones appeared at low 

frequency when Pfa1 cells were selected with 100 nM RSL3 for about 10 days 

(Figure 12 B), resistant colonies were picked and their putative ferroptosis resistance 

was challenged inducing Cre-mediated deletion of Gpx4 (via tamoxifen 

administration). Clones cB1, cB4 and cB7 demonstrated strong resistance in this 

genetically induced model of ferroptosis, thus excluding RSL3-induced side-effects 

that may arise for instance from an increased secretion of RSL3 by cells or by 

upregulation of GSH-dependent resistance mechanisms (Figure 12 C). 

Total RNA was isolated from the parental cell line and ferroptosis-resistant clones 

and subjected to microarray analysis using the Mouse Ref-8 v2.0 Expression Bead 

Chips from Illumina. The top 5 up- and down-regulated transcripts are displayed in 

Figure 12 D. A complete transcriptomic analysis of ferroptosis resistant vs. non-

resistant Pfa1 cells was deposited as an Excel file including a heat map analysis 

(excel file 3 on CD). Additional qPCR analysis was performed on the 4 most up- and 

downregulated transcripts to verify the results of the microarray (Figure 13 A). 

Relative expression levels were in line with the microarray results (except mRNA 

levels of midline 1 (Mid1) and glycoprotein (transmembrane) nmb (Gpnmb)). 

Although microarray values turned out to be more extreme than the relative 

expression levels of the single qPCR validations. Further efforts were made to 

address if ferroptosis resistance of the characterized clones (cB1, cB4 and cB7) was 

conferred by the anti-ferroptotic effect of upregulated or the pro-ferroptotic effect of 

downregulated genes. Western blot analysis could not detect actin, alpha 2, smooth 

muscle, aorta (Acta2) expression on the protein level (42 kDa) when comparing the 

parental and a resistant cell clone, thus excluding Acta2 as a potential anti-ferroptotic 

candidate gene (Figure 13 B). Semaphorin 3A (Sema3a) a secreted chemotactic 

protein was shown to be 7.4-fold or respectively 14.6-fold upregulated in the 

ferroptosis-resistant cell clones as measured by qPCR (Figure 13 A) or microarray 

analysis (Figure 12 D). Thus, it was intriguing to test if supplementation of cell culture 

medium with recombinant mouse Sema3a would increase ferroptosis resistance. 

Subsequent analysis in Pfa1 cells could not validate this hypothesis as sensitivity to 

Gpx4 KO or RSL3-induced ferroptosis (Figure 13 C) appeared to be unaffected by 

the addition of Sema3a to the cell culture medium. Further analysis focused on the 

potential pro-ferroptotic effects of downregulated genes. A closer examination 
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Figure 13: Validation of candidate genes from the transcriptome analysis of ferroptosis-resistant cells. 
(A) QPCR analysis showing the relative expression levels of actin, alpha 2, smooth muscle, aorta (Acta2), 
Semaphorin 3A (Sema3a), p21 protein (Cdc42/Rac)-activated kinase 3 (Pak3), proteasome (prosome, 
macropain) 26S subunit, non-ATPase (Psmd10), 10 glycoprotein (transmembrane) nmb (Gpnmb), midline 1 
(Mid1), phosphoribosyl pyrophosphate synthetase 1 (Prps1) and acyl-CoA synthetase long-chain family member 
4 (Acsl4) in the ferroptosis-resistant clones cB1, cB4 and cB7 relative to the parental cell line Pfa1. Data shown 
represents the mean ± min. or max. values of n=3 qPCR replicates; degree of significance is indicated by stars 
(one-way ANOVA test P-value;*≤ 0.05  **≤0.01; ***≤0.001). (B) Immunoblot analysis of parental cells (WT) and a 
RSL3-resistant cell clone (cB1) using antibodies against Acta2 and ß-Actin. (C) Pfa1 cells were treated with 
increasing concentrations of recombinant Sema3a. Ferroptosis was induced by RSL3 (40 nM, overnight) (left) or 
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by Gpx4 deletion using 1 µM of 4-hydroxytamoxifen (TAM) for 48 h (right). Cell viability was assessed using the 
AquaBluer method. Data represents the mean ±s.d. of n=3 wells of a 96 well plate. (D) The genome browser 
UCSC (https://genome.ucsc.edu/) was used to display a section of the mouse x -chromosome (cytoband XqF1-
XqF2) containing the top downregulated genes Prps1, Psmd10, Acsl4, Pak3. (E) 1% agarose gel showing PCR 
fragments amplified from the Acsl4 locus (primers #1838/#1839) of Pfa1 cells (parental) and a ferroptosis-
resistant clone (cB1). Increasing concentrations of gDNA were used in the PCR reactions (samples 1-4). The 
negative control reaction did not contain gDNA (H2O). (F) Results of a CRISPR colony forming assay using RSL3 
as selection agent for 24h including sgRNAs for the genes Acsl4, Pak3, Prps1 and two negative controls (GFP 
and no Cas9). Data shown represents the mean ± s.d. of double blinded colony counts on four 10 cm dishes per 
condition. Cells transfected with Acsl4 sgRNA formed significantly more colonies than controls, P≤ 0.0001 (one –
way ANOVA). 

of the chromosomal position of the top downregulated genes revealed their close 

vicinity on the cytoband XqF1- XqF2 (Figure 13 D). In fact, it was only possible to 

amplify a genomic DNA fragment of the Acsl4 gene (located at XqF2) from the 

parental cell line and not from the resistant clone cB1 (primers #1838/#1839) (Figure 

13 E). This observation strongly argued for a deletion of parts of the X- chromosome 

(between Xq1-XqF2; deletion was not further characterized) that caused the 

resistance to ferroptosis in cB1. Because of their nearly identical microarray profiles, 

it seemed likely that cB4 and cB7 were clones of the same parental cell that carried 

the chromosomal modification from a previous genetic deletion event. In order to 

dissect the potentially responsible genes conferring ferroptosis resistance, sgRNAs 

were designed targeting the first exon of phosphoribosyl pyrophosphate synthetase 1 

(Prps1), p21 protein (Cdc42/Rac)-activated kinase 3 (Pak3) and acyl-CoA synthetase 

long-chain family member 4 (Acsl4). A CRISPR colony forming assay in Pfa1 cells 

highlighted the role of Acsl4 as a potential pro-ferroptotic gene, whereas the 

downregulation of the other genes (Prps1 and Pak3), probably caused by their 

proximity to the chromosomal deletion, appeared to be irrelevant for the ferroptotic 

context (Figure 13 F). 

 

4.1.3 Genome-wide recessive genetic screening using a lentiviral CRISPR 
guide RNA library  

CRISPR/Cas9 represents the cutting-edge technology that has enabled researchers 

to perform genome-wide recessive phenotypic screenings in diploid cells 187, 188. The 

classical workflow of such a screen involved the following basic steps: Introduction of 

a sgRNA library into a cell line stably expressing Cas9 nuclease, application of a 

desired phenotypic selection, and finally identification of the remaining lentiviral 

sgRNA constructs from genomic DNA of the selected cell pools (Figure 14 A). Since 

sgRNA sequences of the selected cell pool are presumed to introduce mutations in 
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Figure 14: Genome wide CRISPR/Cas9 KO screen. 
(A) Schematic outline of a CRISPR/Cas9 mediated genome-wide recessive screening. (B) Immunoblot analysis 
demonstrating the successful generation of Cas9-Flag expressing Pfa1 cells. (C-D) Dose-dependent cytotoxicity 
of RSL3 and Erastin. Pfa1-CAS9 cells exhibit no increased resistance to ferroptosis induced by RSL3 or ERA 
compared to the parental cells (Pfa1). Cell viability was assessed 24 h after treatment using AquaBluer. Data 
shown represents the mean ± s.d. of n = 3 wells of a 96-well plate from a representative experiment. (E) Time-
dependent increase of LDH release in Pfa1 and Pfa1-CAS9 cells with or without treatment with TAM (1 µM) to 
induce the Gpx4 KO; supernatants were collected at the indicated time for LDH activity in a 96-well plate. Data 
shown represents the mean ± s.d. of n = 3 wells from a representative experiment performed twice. No significant 
difference between Pfa1 + TAM and Pfa1-Cas9 + TAM (Two-way ANOVA) (F) SgRNA distributions of the initial 
library (Maxi DNA) and the select samples (RSL3, Erastin, TNFα). SgRNAs were given an artificial number and 
plotted against their individual count (most to least frequent). (G) Pie charts showing the top 10 sgRNAs identified 
in the cell populations selected with RSL3, ERA and TNFα. Multiple sgRNAs targeting Acsl4 overrepresented in 
the RSL3- and ERA-treated samples. TNFα selection recovered important genes of the extrinsic apoptosis 
pathway. 
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the genes that they target, sequencing of the remaining sgRNAs provides a simple 

proxy to identify candidate genes that facilitate resistance to a certain phenotypic 

selection. To this end, Pfa1 cells were infected with ecotropic pseudotyped lentiviral 

particles containing lentiCas9-Blast (Addgene #52962) to generate stably Cas9-

expressing Pfa1 cells (in the following referred to as Pfa1-Cas9) (Figure 14 B). Cas9 

expression did not interfere with ferroptosis sensitivity as Pfa1-Cas9 showed no 

altered behavior of ferroptotic cell death induced by Erastin (ERA), the Gpx4 inhibitor 

(1S, 3R)-RSL3 (RSL3) (Figure 14 C and D) or upon genetic depletion of Gpx4 

(Figure 14 E). Subsequently, Pfa1-Cas9 were transfected (MOI 0.3) with a sgRNA 

library covering each mouse gene with around 5 guides, in total 87,897 sgRNAs 188 

of which 99,71% were recovered in the screen (Figure 14 G). The mutated cell pool 

was subjected to different phenotypical selections using ERA, RSL3 and TNFα. ERA 

and RSL3 specifically induce ferroptosis in Pfa1 cells 78, and thus should select for 

sgRNAs targeting pro-ferroptotic genes. TNFα selection was applied as a proof-of-

concept experiment to demonstrate the feasibility of the CRISPR approach on an 

already characterized cell death pathway (i.e. apoptosis). Genomic DNA was 

extracted from the selected and the unselected cell pool and the contained sgRNA 

sequences of each pool were amplified by PCR using different barcodes to 

discriminate between the pools. PCR fragments were pooled in equimolar ratios and 

sent for NGS on an Ion Torrent P1 chip. 

Together with Manuel Poppe, Dr. Dietrich Trümbach and Dr. Joel Schick (same 

institute) a bioinformatics tool was developed to extract the necessary sgRNA 

information from the provided raw sequencing files (file format FASTQ). The tool 

(attached as executable java file) that possessed a graphical user interface (GUI) had 

two main functions (Figure 15). One module, named FASTQ filter module, enabled 

sequence manipulation, processing and quality control of NGS raw data. The second 

module, called CRISPR report module, took advantage of filtered FASTQ files to 

identify and count the contained sgRNA sequences based on a specific sgRNA 

library reference file (provided from Addgene). The report module was programmed 

to calculate sgRNA fold-changes to a reference sample and to display the resulting 

sgRNA distributions. An export function allowed to conveniently store the sgRNA 

distributions as Excel-compatible files. While the sgRNA distribution of the original 

unselected DNA library could be described as a polynomic function of the third 

degree with a flat plateau, selections by RSL3, ERA and TNFα dramatically changed 
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Figure 15: Graphical user interface (GUI) of the developed bioinformatics tool showing the FASTQ filter 
module (top) and the CRISPR report module (bottom). 

the initial distribution as most sgRNAs did not confer resistance to the phenotypical 

selections and thus got lost during the selection process (Figure 14 G). Figure 14 F 

shows top 10 represented sgRNAs from the RSL3-, ERA- and TNFα-selected 

samples as pie charts. The TNFα selection recovered major components of the 

apoptotic signaling cascade (Tnfrsf1a, Tnfrsf1b, Casp8, Bid) (Figure 14 F and Excel 

file 4 on CD), demonstrating that CRISPR screens can be used to identify important 
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signaling components of cell death mechanisms. Intriguingly, in both approaches that 

used ferroptosis induction (ERA and RSL3) as a selection, sgRNAs targeting Acsl4 

appeared as top represented guides with 66.38% (RSL3) and 36.95 % (ERA) of the 

total sequenced guides, respectively (Figure 14 F). Hence, both the expression 

profiling of ferroptosis-resistant cells and the CRISPR/Cas9 screen remarkably 

pointed to Acsl4, thus supporting an essential role in ferroptosis execution. Full lists 

of all sgRNAs identified in the CRISPR screens are deposited on CD as Excel file 4. 

 

4.2 Identification of new potential modulators of TNFα-induced apoptosis 

Since TNFα-induced apoptosis is a well-established process with known genetic 

players (for detailed pathway information refer to 1.2.1), I considered TNFα selection 

as a suitable proof-of-concept experiment that should ideally recapitulate the pro-

apoptotic machinery in our CRISPR/Cas9 library screen. As expected, the TNFα-

selected sample recovered the major components of the apoptotic signaling cascade 

(Tnfrsf1a, Tnfrsf1b, Casp8, Bid) highly represented by multiple sgRNAs (Figure 14 

F). Notably, by using the developed CRISPR bioinformatics tool I could identify new 

potentially pro-apoptotic candidate genes (Nonsense Mediated MRNA Decay Factor 

(Smg7)), Heterogeneous Nuclear Ribonucleoprotein F (Hnrnpf) and 

Carboxylesterase 2A (Ces2a)) by considering fold changes of multiple sgRNAs for 

each gene (Figure 16 A). To validate the screening hits, sgRNAs for tumor necrosis 

factor receptor superfamily, member 1a (Tnfrsf1a), Casp8, Acsl4, Smg7, Hnrnpf and 

Ces2a were designed and cloned into a lentiviral construct (pKLV-U6gRNA(sgRNA)-

PGKpuro2ABFP) to generate the respective gene KOs by infection of Pfa1-Cas9 

cells. Individual cell clones were picked and analyzed for frameshift mutations of the 

gene loci (appendix). Out-of-frame mutants were treated with different concentrations 

of TNFα to investigate their apoptosis resistance. In fact, Tnfrsf1a and Casp8 KO did 

fully protect cells from TNFα-induced apoptosis in contrast to Acsl4 KO, which was 

used as a negative control (Figure 16 B). Among the newly identified candidate 

genes the Smg7 KO showed the strongest anti-apoptotic effect followed by Hnrnpf, 

which conferred only a mild rescue (Figure 16 B). In contrast, no anti-apoptotic effect 

of Ces2a KO was detected using the corresponding sgRNA KO clones. 
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Figure 16: Identification of new pro-apoptotic candidate genes. 
(A) Snapshot of the results of the CRISPR report tool. The output was generated by comparing the sgRNA 
distribution of the TNFα-selected sample with the original sgRNA distribution in the DNA library. On the Y-axis, 
the mean fold change of all sgRNAs of a gene (compared to the starting material) is plotted. The X-axis was used 
as a quality feature displaying the fraction of sgRNAs per gene (coverage [%]) that were represented in the TNFα 
selected sample. (B) Dose-dependent cytotoxicity of TNFα on Pfa1-Cas9 (WT) and CRISPR mediated KO clones 
(Tnfrsf1a -/-, Casp8 -/-, Acsl4 -/-, Smg7 -/-, Hnrnpf -/-, Ces2a -/-). Cell viability was assessed 36 h after treatment 
using AquaBluer. Data shown represents the mean ± s.d. of n = 3 wells of a 96-well plate from a representative 
experiment. Two-way ANOVA test was used to determine statistical differences between WT and KO cell lines 
over the whole concentration range, P<0.0001 (Tnfrsr1a-/-, Casp8 -/-, SMG7 -/-, Hnrnpf -/-). 
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4.3 Validation of Acyl-CoA synthetase long-chain family member 4 (Acsl4) 
expression as a marker for ferroptosis sensitivity 

4.3.1 CRISPR/Cas9-mediated KO of Acsl4 renders cells resistant to 
ferroptosis 

As Acsl4 was identified as the most promising pro-ferroptotic candidate gene, these 

findings were validated by generating an Acsl4 KO cell line using CRISPR/Cas9 

technology with an independent sgRNA (not present in the screening library). To this 

end, Pfa1 cells were co-transfected with a plasmid expressing a sgRNA targeting 

exon 1 of the Acsl4 gene and a plasmid encoding Cas9 with a nuclear localization 

signal. After transfection, cells were seeded at low cell density and individual colonies 

could form. Clones were isolated, expanded and their ferroptosis sensitivity was 

tested by RSL3 treatment (Figure 17 A). Notably, all RSL3-resistant cell clones 

exhibited frameshift mutations in both alleles of the first exon of Acsl4 which led to 

the depletion of functional protein as determined by Western blot against Acsl4 

(Figure 17 A). Precise mapping of insertions and deletions of single cell clones was 

performed by Sanger sequencing of the corresponding locus and subsequent 

analysis using the tool TIDE: Tracking of Indels by DEcomposition (tide.nki.nl) 

(appendix). For all following experiments the Acsl4 KO clone #9 was used. No 

significant differences in GSH levels or Gpx4 activity could be detected in Acsl4 KO 

cells compared to the parental cell line (experiments performed by Dr. José Pedro 

Friedmann Angeli and Irina Ingold), ruling out an indirect mechanism of resistance 

towards RSL3 (Figure 17 B). Additionally, KO of Acsl4 in HT22 cells further 

corroborated that ferroptosis sensitivity was indeed mediated by Acsl4, thus 

suggesting a rather general resistance mechanism between different cell types 

(Figure 17 C). Lentiviral re-expression of human wildtype ACSL4_FLAG (short 

isoform) in the Acsl4 KO background re-sensitized Pfa1 cells to ferroptosis induced 

by RSL3, thus providing unequivocal proof that Acsl4 confers an essential role in 

ferroptosis execution (Figure 17 D). Additionally, Acsl4 KO cells showed resistance to 

(TAM)-induced Gpx4 deletion as the double KO cells were fully viable after 72 h upon 

TAM treatment (Figure 17 E), an effect that was not related to the kinetics of Gpx4 

deletion. More strikingly, the Acsl4/Gpx4 double KO cells could be passaged for a 

period of more than 10 days, a remarkable finding, as to the best of my knowledge, 

no single cell line, ex vivo cultured cells or explants have so far been able to be kept 
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Figure 17: Acsl4 is a pro-ferroptotic gene. 
(A) CRISPR/CAS9 mediated KO of Acsl4 is associated with high ferroptosis resistance in Pfa1 cells. Cell viability 
of single cell clones was measured 24 h after treatment using AquaBluer. Data shown represents n = 1 wells of a 
24-well plate. (B) Acsl4 -/- cells do not show increased levels of GSH. BSO treatment leads to GSH depletion in 
both WT and Acsl4 -/- cells (top). Data shown represents the mean ± s.d. of n = 3 wells of a 6-well plate from a 
representative experiment. Gpx4 activity is not elevated in Acsl4-/- cells compared to WT cells (bottom). Data 
represents the mean ± s.d. of n = 3 wells. (C) Dose-dependent cytotoxicity of RSL3 on HT22 cell clones. HT22 
Acsl4 KO (Acsl4-/-) cells are highly resistant to ferroptosis induction by RSL3 compared to parental HT22 cells. 
Viability was assessed 24 h after treatment using AquaBluer. Data shown represents the mean ± s.d. of n = 4 
wells of a 96-well plate, P<0.0001(Two-way ANOVA). Immunoblot depicts successful deletion of Acsl4. (D) Pfa1 
Acsl4 KO (Acsl4-/-) cells are resistant to ferroptosis compared to wildtype (WT) cells, which can be re-sensitized 
by reconstitution of FLAG-tagged hACSL4 (ACSL4_FLAG) expression. Dose-dependent cytotoxicity of RSL3. 
Viability was assessed 24 h after treatment using AquaBluer. Data shown represents the mean ± s.d. of n = 4 
wells of a 96-well plate, P<0.0001 (Two-way ANOVA). Immunoblot depicts successful re-expression of 
ACSL4_FLAG in Pfa1_Acsl4 KO cells. (E) Time-dependent increase of LDH release in Pfa1 Acsl4 KO (Acsl4 -/-) 
and Pfa1 Acsl4 WT (Acsl4 +/+) cells with or without treatment with TAM (1 µM) to induce the Gpx4 KO; 
supernatants were collected at the indicated time points and assayed for LDH activity in a 96 well plate. Data 
shown represents the mean ± s.d. of n = 3 wells P<0.0001 (Two-way ANOVA),. Immunoblot analysis of Gpx4 
expression at different time points after TAM treatment demonstrating the equal deletion of Gpx4 between the cell 
lines. (F) Pfa1 Acsl4 KO cells stably transfected with pRTS1 human ACSL4_short show doxycycline dependent 
ferroptosis sensitivity (TOP). Immunoblot demonstrating the doxycycline induced expression of human 
ACSL4_short (Bottom). 
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in culture in the absence of Gpx4 88, 99, 204, 205. Next, I determined the minimum 

expression level of human ACSL4_FLAG that is sufficient to allow for ferroptosis 

execution (induced by RSL3) in Pfa1 Acsl4 KO cells using an episomal doxycycline-

inducible human ACSL4_FLAG expression vector (Figure 17 F). Just minute 

amounts of the protein were required to re-sensitize Pfa1 Acsl4 KO cells to RSL3-

induced ferroptosis, and after a certain threshold increased levels of ACSL4 did not 

increase sensitivity. Thus these results support an all or nothing kind of response of 

Acsl4 in ferroptosis. 

 

4.3.2 Acsl4 is the only member of the Acsl family of proteins contributing to 
ferroptosis identified so far 

The enzyme family of acyl-CoA synthetases (Acs) is comprised of 26 isoenzymes 

that share the function of ligating Coenzyme A (H-S-CoA) to fatty acids (FAs) at the 

expense of ATP, thereby forming so-called acyl-CoAs (Figure 18). At least 11 Acs 

enzymes can activate the major long-chain FAs of 16-22 carbons, but only five 

actually belong to the family of Acsl proteins 206. These five Acsls can be further 

 
Figure 18: Enzymatic reaction catalyzed by Acyl-CoA synthetases. 
Scheme showing the formation of acyl-CoA from a fatty acid, Coenzyme A and ATP. The acylation reaction is 
catalyzed by acyl-CoA synthetases (Acs) in a Bi-Uni-Uni-Bi Ping-Pong mechanism 207. In the first step, a fatty 
acyl- AMP molecule is formed from a fatty acid and ATP (Bi). PPi leaves (Uni) the active site and Coenzyme A 
enters (Uni) to replace AMP and form an acyl-CoA molecule. Both the acyl-CoA and AMP leave the catalytic site 
(Bi). 

subdivided into two groups, Acsl1/Acsl5/Acsl6 and Acsl3/Acsl4, based on sequence 

homology 208. Even though they do overlap in function, Acsl enzymes have widely 

different substrate requirements and exhibit individual expression profiles and 

subcellular localizations 209, 210. Acsl4 for instance has a marked preference for 

polyunsaturated FAs like arachidonic/eicosatetraenoic (20:4) and eicosapentaenoic 

(20:5) acid as substrates, a characteristic that is unique in this protein family 209, 211. 
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Figure 19: Acsl4 is the sole acyl-CoA synthetase (Acs) isoform contributing to ferroptosis in Pfa1 cells. 
(A) CRISPR-mediated KO of Acsl1, Acsl3 or Acsl5 in Pfa1 cells did not alter ferroptosis sensitivity triggered by 
RSL3 in stark contrast to Acsl4 (P<0.0001 two-way ANOVA). Additionally, overexpression of Acsl1 and the 
closely related Acsl3 did not re-sensitize Acsl4 KO cells to ferroptosis. Cell viability was measured 24 h after 
RSL3 treatment using the AquaBluer assay. Data shown represent the mean ± s.d. of 3 wells of a 96- well plate. 
Successful KO and overexpression was confirmed either by Western blot analysis or qPCR (P<0.05, one-way 
ANOVA) depending on antibody availability. (B) RSL3-induced rapid lipid oxidation in Pfa1 Acsl4 +/+ cells but 
failed to do so in Pfa1 Acsl4 -/- cells as determined by BODIPY 581/591 C11 and SPY-LHP staining of cells 
followed by flow cytometry. Oxidation of the redox-sensitive probes was assessed at the indicated time points 
using the fluorescence detector FL1 with a 530/30 nm filter setting. (C) CRISPR-mediated KO of Lpcat3 presents 
only weak protection against RSL3-induced ferroptosis in Pfa1 cells. Cell viability was assessed 24 h after RSL3 
treatment using AquaBluer. Data shown represents the mean ± s.d. of n = 3 wells of a 96-well plate, P<0.0001 
(two-way ANOVA). qPCR analysis showed the relative expression of Lpcat3 in WT, Acsl4 -/- and Lpcat3 -/- Pfa1 
cells. (D) Pfa1 cells carrying the KO for Lpcat3 show no increased resistance to ferroptosis induced by genetic 
depletion of Gpx4.Time-dependent increase of LDH release in Pfa1 Lpcat3 KO (Lpcat3 -/-), Pfa1 Acsl4 KO (Acsl4 
-/-) and Pfa1 WT (Acsl4 +/+) cells with or without treatment with TAM (1 µM) to induce the Gpx4 KO. 
Supernatants were collected at the indicated time points and assayed for LDH activity in a 96-well plate. Data 
shown represents the mean ± s.d. of n = 3 wells. 
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To further challenge the specificity of Acsl4 in ferroptosis, Pfa1 KO cell lines were 

generated for all Acsl isoforms using CRISPR technology. Figure 19 A demonstrates 

that loss-of expression of the other Acsl family members had no impact on ferroptosis 

sensitivity unlike Acsl4. Acsl6 was not expressed in Pfa1 cells (RNAseq analysis 

deposited on CD as excel file 5). A list of all single cell clones carrying well-

characterized out-of-frame mutations (sequence analysis by tide.nki.nl) for the 

different Acsl genes can be found in the Appendix. Overexpression of rat Acsl1 or 

human ACSL3 failed to sensitize Pfa1 Acsl4 KO cells to undergo ferroptosis (Figure 

19 A). In accordance with the previously observed ferroptosis resistance to RSL3, 

Acsl4 KO cells were also highly resistant to ferroptosis-inducing agents other than 

RSL3 (Erastin and BSO) but not to other cell death inducing agents including 

menadione, tert-butyl hydroperoxide, rotenone, FCCP, nocodazole, sulfuraphane, 

etoposide, phenylarsine oxide (PAO), irinotecan, paclitaxel, mitoxantrone, 

tunicamycin, staurosporine, rapamycin, TNFα and vinblastine, thus establishing a 

well-defined role of Acsl4 in ferroptotic cell death (Figure 20). Since lipid peroxidation 

displays one of the hallmarks of ferroptosis downstream of Gpx4 inactivation, lipid 

peroxidation was examined in the Acsl4 KO cells using BODIPY 581/591 C11 

(BODIPY) 78. Although BODIPY is readily oxidized when ferroptosis is induced by 

RSL3, no sign of probe oxidation was detectable upon RSL3 treatment in the Acsl4 

KO cells (Figure 19 B). The relevance of this finding was further validated by using an 

alternative probe (Spy-LHP) for measuring lipid peroxidation which confirmed the 

data obtained by BODIPY 581/591 C11 staining (Figure 19 B) 212. As a most recent 

genetic screen in haploid cells pointed also to lysophosphatidylcholine 

acyltransferase 3 (Lpcat3) as another important player for ferroptosis induction 125, 

presumably by modulating arachidonic acid metabolism, the effect of Lpcat3 in 

ferroptosis induction was interrogated in response to RSL3 treatment and genetic 

Gpx4 ablation. To this end, Lpcat3 was genetically inactivated using CRISPR 

technology. In Lpcat3 KO cells only a mild protective effect could be observed in 

stark contrast to the protection conferred by Acsl4 (Figures 19 C and 19 D), 

suggesting that Acsl4 has a more widespread role in ferroptosis and that the function 

of Lpcat3 may be rather limited to specific cellular contexts.  
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Figure 20: Acsl4 KO cells are resistant to ferroptosis inducing agents but not generally resistant to other 
cell death inducers. 

Acsl4 KO cells do not show multi-drug resistance properties, while being highly resistant to ferroptosis inducing 
agents, such as RSL3, ERA and BSO. Cell viability was assessed 48 h after treatment using AquaBluer. Data 
shown represents the mean ± s.d. of n = 3 wells of a 96-well plate. Significant protection conferred by Acsl4 KO 
was only observed for Ferroptosis inducing agents (RSL3, Erastin, BSO), p<0.001 (two-way ANOVA). 
Abbreviations: Tert-butyl hydroperoxide (tBOOH); phenylarsine oxide (PAO); L-Buthionine-sulfoximine (BSO). 
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4.3.3 Acsl4 is a marker of ferroptosis sensitivity in a panel of breast cancer 
cell lines  

Recent publications revealed that some human breast cancer cell lines exhibit a 

strong dependence on glutamine metabolism that is necessary to fuel system xc
- 213, 

thus suggesting that ferroptosis could be used as a potential cytotoxic mechanism in 

breast cancers. This hypothesis was interrogated by treating a panel of breast cancer 

cell lines with the GPX4 inhibitor RSL3. Experiments involving breast cancer cell lines 

were performed in collaboration with Dr. José Pedro Friedmann Angeli (same group). 

Cell lines that were reported to be auxotrophic for glutamine (MDA-MB-157, MDA- 

MB-231, MDA-MB-436, BT-549 and H-38) indeed showed increased sensitivity to 

RSL3 and RSL3/Erastin treatments (Figures 21 A and Figure 22 A). Then, ACSL4 

expression was analyzed for the whole breast cancer panel identifying that ACSL4 

was predominantly expressed in a subset of basal-like triple-negative breast cancer 

cell lines (Figure 21 B) and that its expression was strongly associated with 

ferroptosis sensitivity induced by RSL3 (Figure 22 A). Most strikingly, only ACSL4 

expression correlated with ferroptosis sensitivity since neither of the previously 

identified regulators of ferroptosis, namely intracellular GSH levels (Figure 21 C), 

system xc
- (Figure 21 D) and GPX4 activity (Figure 21 E) were shown to be down-

regulated in the sensitive cell lines. Interestingly, ferroptosis-sensitive cell lines even 

showed increased thiol release/system xc
- activity (Figure 21 D), pointing to a high 

demand of reducing equivalents. Moreover, ferroptosis induced via inducible Gpx4 

loss was partially rescued by overexpression of the substrate specific subunit of 

system xc
- (Slc7A11), demonstrating that high expression of this protein modulates 

ferroptosis sensitivity (Figure 22 B). Accordingly, this protection could be abolished 

by pharmacological inhibition of system xc
- with Erastin (Figure 22 B), further 

supporting the finding that double targeting of ferroptosis via system xc
- and GPX4 

inhibition by RSL3 yields a strong additive effect in cells expressing ACSL4 in 

contrast to cells devoid of ACSL4 expression (Figure 22 A). To further corroborate 

the critical role of ACSL4 as a marker of ferroptosis, ACSL4 was knocked out in 

MDA157 cells using CRISPR/Cas9 technology (Figure 21 F). When single cell clones 

transfected with Cas9 and a sgRNA targeting ACSL4 were challenged with RSL3, 

only cell clones in which ACSL4 expression was successfully abrogated showed 

marked resistance (Figure 21 F). This resistance was shown to be specific for 

ferroptosis as the ACSL4 KO tumor cells did not exhibit any increased resistance in 
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Figure 21: Acsl4 expression determines ferroptosis sensitivity in a panel of breast cancer cell lines. 

(A) Triple-negative basal-like breast cancer cells are susceptible to ferroptosis induction by RSL3. Viability was 
assessed 48 h after treatment using AquaBluer. Data shown represents the mean ± s.d. of n = 4 wells of a 96-well 
plate. ACSL4 expressing (red) cell lines were significantly more sensitive to RSL3 than non-expressing cells 
(blue), p<0.01 (two-way ANOVA). For an extended panel of breast cancer cell lines please refer to Figure 22 A. 
(B) Immunoblot analysis of ACSL4 and GPX4 in a panel of breast cancer cell lines. The pictures show expression 
of ACSL4 mainly in triple-negative basal-like breast cancer cell lines. Sensitivity of the selected sensitive cell line 
did not correlate to downregulation of known players of ferroptotic signaling (C-E). (C) Total GSH levels were 
quantified using an enzymatic recycling method. Data shown represents the mean ± s.d. of n = 3 wells of a 6-well 
plate. (D) System xc

- activity was estimated by the quantification of total thiols released. Specificity of the assay 
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was demonstrated by the inhibition with the System xc
- inhibitor Erastin (ERA). Data shown represents the mean ± 

s.d. of n = 3 wells of a 12-well plate from a representative experiment performed independently three times. (E) 
Total GPX4 activity per mg x protein was measured by the NADPH consumption during the reduction of 
phosphatidylcholine hydroperoxides. Data shown represents the mean ± s.d. of n = 3 samples extracted from one 
15 cm dish from a representative experiment performed independently two times. (F) CRISPR-Cas9-mediated KO 
of ACSL4 in the highly ferroptosis-sensitive MDA-MB-157 renders cells resistant to RSL3-triggered ferroptosis. 
Eight single cell clones selected after transient transfection with Cas9 and a gRNA targeting exon 1 of the ACSL4 
gene were tested for their sensitivity to RSL3. Ferroptosis-resistant cell clones were confirmed to lack ACSL4 
expression. Data shown represents the mean ± s.d. of n = 3 wells of a 96-well plate from a representative 
experiment performed independently two times. Cell clones a1, b2 and d4 were significantly more resistant to 
RSL3 treatment than the parental MDA-MB-157 cells, p<0.001 (two-way ANOVA) (G) MDA157_Acsl4 KO cells 
(clone a1) are refractory to RSL3-triggered lipid peroxidation. Cells were treated with 100 nM RSL3 for 3 h and 
lipid oxidation was estimated by BODIPY 581/591 C11 oxidation. (H) Expression of Flag_hACSL4 in luminal-like 
breast cancer cells devoid of endogenous ACSL4 renders them susceptible to RSL3-induced ferroptosis. 
Immunoblot analysis (GPX4 and Flag antibodies) of Flag_hACSL4 overexpressing cells. (I) Cells expressing 
ACSL4_FLAG are significantly more sensitive to RSL3 than mock transduced cells, p<0.001 (two-way ANOVA). 
Data shown represents the mean ± s.d. of n = 3 wells of a 96-well plate from a representative experiment 
performed independently three times. (J) Cells expressing Flag_hACSL4 showed increased levels of lipid 
peroxidation upon treatment with RSL3 (100 nM – 4 h). Lipid oxidation was measured using BODIPY 581/591 
C11 oxidation. (K) RSL3 induces ferroptosis in ACSL4_FLAG expressing AU565 and T47D cells. Cell death 
induced by RSL3 can be rescued with liproxstatin-1 (lip1) and ciclopirox olamine but not Nec1-s or zVAD.fmk in 
AU565, p<0.0001 (one-way ANOVA). Figures and experiments were produced in collaboration with Dr. José 
Pedro Friedmann Angeli. 

response to a broad panel of cell death inducers inducers besides ferroptosis 

inducing agents (Figure 22 C). Analysis of lipid peroxidation using BODIPY 581/591 

C11 showed that these cells became refractory to lipid peroxidation (Figure 21 G). 

Finally, overexpression of ACSL4_short in a subset of breast cancer cell lines that 

lack endogenous ACSL4 expression (Figure 21 H) was sufficient to sensitize  them to 

cell death, yet to a different extent as demonstrated by RSL3 treatment (Figures 21 I 

and 21 J). Moreover, the re-expression of ACSL4_short specifically re-sensitized to 

ferroptosis as RSL3-induced cell death could be prevented by canonical ferroptosis 

inhibitors, such as the iron chelator ciclopirox olamine and the lipophilic antioxidant 

liproxstatin-1 (Figure 21 K). Additionally, the pan-caspase inhibitor ZVAD.fmk 

(apoptosis inhibitor) and the necroptosis inhibitor Nec1-s did not show any protective 

effect (Figure 21 K). The results established ACSL4 expression in triple-negative 

breast cancer cells as a marker for ferroptosis sensitivity thereby providing the 

rationale for the development of targeted ferroptosis-based anti-cancer therapies. 
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Figure 22: Acsl4 expression determines ferroptosis sensitivity in a panel of breast cancer cell lines. 

(A) Sensitivity of breast cancer cells to ferroptosis induction. Indicated cell lines were plated at a density of 2000 
cells per well (96 well plate) and grown for 24 h. Treatment using increasing concentrations of RSL3 in the 
presence or absence of Erastin (1 µM) was then performed for 48 h and viability was assessed using AquaBluer. 
Data shown represents the mean ± s.d. of n = 4 wells of a 96-well plate. Acsl4 expressing cell lines treated with 
RSL3 and Erastin showed a significant increased ferroptotic response compared to RSL3 alone, p<0.01 (two-way 
ANOVA). (B) For analysis of the impact of xCT overexpression in Pfa1 cells, 1000 cells stably overexpressing 
xCT and mock were seeded in the presence or absence of TAM (1 µM). After 24 h increasing concentrations of 
Erastin was added and cell viability was assessed using AquaBluer 24 h after Erastin treatment. Data shown 
represents the mean ± s.d. of n = 3 wells of a 96-well plate. xCT overexpressing cells showed a significant 
protection from Erastin induced cell death, p<0.001 (two-way ANOVA). (C) For all cytotoxicity assays shown here, 
MDA-MD-157 WT (blue) and ACSL4 KO (red) cells were treated with each lethal compound at increasing 
concentrations for 48 h, and cell viability was assessed using AquaBluer. Data shown represents the mean ± s.d. 
of n = 4 wells of a 96-well plate (Abbreviations: BSO, L-buthionine sulfoximine; PAO, phenyl arsene oxide). 
ACSL4 KO cells showed only significantly increased resistance to RSL3, Erastin and BSO treatment, p<0.0001 
(two-way ANOVA). 
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4.3.4 Ultrastructural analysis of Acsl4 KO and WT Pfa1 cells 

Transmission electron microscopy (TEM) was used to examine the impact of Acsl4 

deletion in Pfa1 cells deficient or proficient for Acsl4. Under physiological conditions I 

was unable to detect differences of WT and Acsl4 KO Pfa1 cells concerning the 

smooth endoplasmic reticulum (ER) or Golgi-apparatus structure (Figure 23). When 

ferroptosis was induced using RSL3 I observed clumping of the smooth ER in WT 

cells while the organelle structure was unaffected in Acsl4 KO cells (Figure 23). 

Similarly, the Golgi-apparatus of Acsl4 KO cells was preserved during RSL3 

treatment in contrast to WT cells (not detectable in ferroptotic cells) (Figure 23). 

However, the most striking differences of WT and Acsl4 KO cells were detected in 

mitochondria (Figure 24). This finding was in line with Acsl4 being specifically linked 

Figure 23: Ultrastructural analysis of smooth endoplasmic reticulum and Golgi apparatus in Acsl4 KO and 
WT Pfa1 cells. 
Transmission electron microscopy (TEM) pictures from Smooth ER (blue arrows) and Golgi apparatus (red 
arrows) of Acsl4 KO (Acsl4 -/-) and WT (Acsl4 +/+) Pfa1 cells. Cells were treated with or without 110 nM RSL3 for 
3 h before samples were prepared. The magnification and scale bar sizes are stated for each set of pictures. 
 
to mitochondria-associated membranes (MAM) 214, which describe reversible tether 

points of the ER and mitochondria that enable precise communication and lipid 

trafficking between both organelles 215, 216. Indeed, Acsl4 KO cells showed a 

tendency towards an increase in the number of mitochondrial cristae (Figure 24). As 

pointed out earlier in this study the lipid composition of membranes was crucial for 

the execution of ferroptosis, which involved the rupture of the outer-mitochondrial 

membrane (OMM) 78. Accordingly, RSL3 treatment for 3 h induced granulation of the 

mitochondrial matrix and OMM rupture in WT cells, whereas Acsl4 KO mitochondria  
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kept their physiological shape (Figure 24). Since Acsl4 expression was not found to 

occur in mitochondria but only in MAM 215, this result may suggest that lipid exchange 

from the ER to mitochondria was necessary to produce OMM rupture during 

ferroptosis. To further investigate the properties of WT and ACSL4 KO mitochondria I 

used the ionophore FCCP (Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone) 

that disrupts the mitochondrial membrane potential and leads to increased production 

of oxygen radicals and mitochondrial fission 217, 218. Treatment of Pfa1 WT cells with 

FCCP indeed caused smaller mitochondria and a reduction of mitochondrial cristae 

structures, while Acsl4 KO cells were largely spared by these changes (Figure 24). 

Instead, ACSL4 KO mitochondria displayed a trend to form longitudinal cristae and 

tube-like stuctures (Figure 24). The latter is a very unique phenotype, that is rarely 

observed and has been previously associated with complex 4 deficiency (Dr. 

Michaela Aichler personal communication). 

Figure 24: Ultrastructural 
analysis of mitochondria 
in Acsl4 KO and parental 
Pfa1 cells. 

Transmission electron 
microscopy (TEM) pictures 
from mitochondria of Acsl4 
KO (Acsl4 -/-) and WT 
(Acsl4 +/+) Pfa1 cells. Cells 
were treated with 110 nM 
RSL3 or 10 µM FCCP for 3 h 
before samples were 
prepared. Red arrows 
indicate sites of 
mitochondrial outer 
membrane rupture, which 
only appeared in WT cells 
treated with RSL3. FCCP 
treatment induced 
mitochondrial fission in Acsl4 
+/+ but not in Acsl4 -/- cells 
[scale bars 500 nm]. 
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4.3.5 KO of Acsl4 does not influence mitochondrial bioenergetics 

The different behavior (described in 4.3.4) of Acsl4 WT and KO mitochondria under 

stressed conditions (RSL3 and FCCP treatment) prompted me to further investigate 

mitochondrial function and metabolism. To determine a metabolic profile of Acsl4 KO 

and parental WT Pfa1 cells, the mitochondrial oxygen consumption rate (OCR) was 

measured by a seahorse XF extracellular flux analyzer using either glucose or 

galactose as primary energy sources (seahorse analysis was performed in 

collaboration with Robert Kopajtich, Institute of Human Genetics). While cells can 

generate sufficient energy from glucose though anaerobic glycolysis (2 net ATP), 

pyruvate produced from galactose does not provide a gain in net ATP. Therefore, 

galactose supplementation into the medium forces cells to rely on oxidative 

phosphorylation (OXPHOS) to accommodate their energy demand 219. The 

sequential addition of oligomycin (ATP synthase inhibitor), FCCP (uncoupling of ATP 

synthase from respiratory chain) and antimycin A together with rotenone (inhibitors of 

the electron transport chain) at different times during the OCR measurements 

enabled detailed characterization of basal respiration, ATP production and maximal 

respiration capacity of Acsl4 WT and KO mitochondria. No drop of OCR was 

observed after addition of oligomycin in either Acsl4 WT or KO cells indicating that 

under standard cell culture conditions (DMEM with high glucose) ATP is not 

produced via OXPHOS (Figure 25 A). Additionally, small values for the maximal 

respiration capacity (~25 pmoles/min) were seen in Acsl4 KO and WT cells. Both cell 

lines were adapted to galactose containing medium for one week to increase their 

mitochondrial respiration and allow for a more precise measurement of the OCR. 

Although the mitochondrial respiration respiration could be increased by galactose as 

expected, again no differences were detectable between Acsl4 WT and KO cells in 

terms of mitochondrial ATP production and maximal respiration (Figure 25 B). Finally, 

the ferroptosis sensitivity of Acsl4 KO and WT cells maintained either on glucose or 

galactose containing medium was tested by RSL3. Increased OXPHOS during 

galactose supplementation did not sensitize Acsl4 KO cells to undergo ferroptosis 

(Figure 25 C). Unexpectedly, WT Pfa1 cells that were adjusted to galactose 

containing medium showed slightly increased resistance to RSL3-induced ferroptosis 

despite an increased mitochondrial respiration rate. Taken together these results 

suggested that the mitochondrial electron transport chain does not directly participate 

in ferroptosis execution.  
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Figure 25: Mitochondrial respiration is not altered by KO of Acsl4. 

Acsl4 -/- cells did not exhibit altered mitochondrial metabolism compared to WT cells. The mitochondrial oxygen 
consumption rate (OCR) was analyzed on a XF Extracellular Flux Analyzer (seahorse analyzer). Glucose (A) and 
galactose (B) were used as primary energy sources. At the indicated time points (a, b, c) different compounds 
were injected to investigate mitochondrial ATP production and maximal respiration rate: (a) Oligomycin (ATP 
synthase inhibitor); (b) FCCP (uncoupling of ATP synthase from respiratory chain); (c) Antimycin A and rotenone 
(inhibitors of the electron transport chain). Measurements represent the means ± s.d. of n= 24 wells of a 96-well 
pate. (C) Cell viability assay of Acsl4 -/- and parental Pfa1 cells previously adapted to glucose or galactose 
containing medium. After cells were treated for 16 h with different concentrations of RSL3 the cell viability was 
assessed using the AquaBluer assay. Data represents the means ± s.d. of n=3 wells of a 96-well plate. 
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4.3.6 Acsl4 KO is not linked to decreased cellular iron content 

Ferroptosis was proposed to be inherently dependent on iron so that changes in iron 

metabolism could represent a possible mechanism to gain ferroptosis resistance 76. 

Therefore, the intracellular iron content of Acsl4 KO and parental Pfa1 cells was 

further characterized. In this respect, a ferrozine-based iron assay was performed to 

measure the iron content of cells under normal cell culture and forced iron loading 

conditions (1 mM ferric citrate, 2 mg/mL human transferrin). Acsl4 KO and parental 

Pfa1 cells showed no difference in iron content under basal or iron-loaded conditions 

(Figure 26 A), demonstrating that Acsl4 KO does not influence iron uptake.  

Figure 26: Analysis of iron 
content in Acsl4 KO and parental 
Pfa1 cells. 

(A) Iron content of Acsl4 KO (Acsl4 
-/-) and WT (Acsl4 +/+) Pfa1 cells 
during normal cell culture (Δ) and 
iron loading conditions measured by 
ferrozine-based iron assay. Data 
represents the mean ± s.d. of three 
biological replicates each measured 
in duplicates (technical replicates). 
(B) Iron levels of Acsl4 KO (Acsl4 -
/-) and WT (Acsl4 +/+) Pfa1 cells 
during normal cell culture (Δ) and 
iron loading condition were 
measured using the iron sensitive 
fluorescent dye Phen GreenTM SK. 
The 530/30 bandpass (BP) filter 
was used to assess the green 
fluorescence of Phen GreenTM SK 
in cells using a FACS Canto II flow 
cytometer. Phen GreenTM SK 
fluorescence is quenched by Fe2+ 
and a variety of other heavy metal 
ion species including Cu2+, Cu+, 
Hg2+, Pb2+, Cd2+, Zn2+ and Ni2+. 

 

Additionally, an alternative heavy metal sensitive fluorescent dye (Phen Green SK, 

diacetate 220) was used to measure the chelatable iron pool of single cells by flow 

cytometry. As expected, iron loading (ferric citrate and transferrin supplementation) 

did diminish fluorescence of Phen Green SK in both cell lines to a minimum (Figure 

26 B). Surprisingly enough, basal fluorescence intensity was drastically smaller in 

untreated Acsl4 KO cells than in parental Pfa1 cells, which would argue for an 

increased content of chelatable iron in the KO cells (Figure 26 B). The difference in 

fluorescence level was not caused by different cell sizes, since both cell lines showed 

identical size distributions during FACS analysis (data not shown). This observation 
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was highly unexpected since increased iron content should theoretically fuel 

ferroptotic processes that were not observed in Acsl4 KO cells. 

 

4.4 Acsl4 dictates ferroptosis sensitivity by shaping the cellular lipid 
composition 

4.4.1 Polyunsaturated fatty acid (PUFA) supplementation sensitizes to 
ferroptosis 

Acsl4 has a remarkable preference to generate acyl-CoAs from polyunsaturated FAs 

like arachidonic/eicosatetraenoic (ETA, 20:4) and eicosapentaenoic (EPA, 20:5), a 

characteristic that makes Acsl4 unique among the family of Acsl proteins 209, 211. Even 

though rat Acsl4 shows similar kinetic constants for arachidonate than Acsl3 and 

Acsl6, it exhibits a Km for ATP (34 µM) that is about 12-20-fold lower than that of 

Acsl3 and Acsl6 209, which favors activation of arachidonic acid by Acsl4. Additionally, 

the same group showed that in a direct competition assay with palmitate, all 

polyunsaturated fatty acids were strong competitors only for Acsl4 209. Taken 

together, these findings implicate that under physiological conditions Acsl4 is the 

dominant isoform that activates polyunsaturated FAs, which in turn are prone to 

undergo lipid peroxidation, thus providing possible substrates for the ferroptotic 

process. Thus, it was intriguing to investigate if exogenous FAs could become 

activated by other Acsl isoforms when added in supra-physiological amounts, thereby 

sensitizing even Acsl4 KO cells to undergo ferroptosis. To this end, Acsl4 KO cells 

were incubated for 24 h with different concentrations of FAs (solved in FA-free BSA) 

and subsequently treated with RSL3 to induce ferroptosis. FA treatment of cells alone 

did not cause cell death unless simultaneously treated with RSL3 (Figure 27). 

Arachidonic (AA or eicosatetraenoic acid (ETA); 20:4) and Adrenic acid (AdA or 

docosatetraenoic (DTA); 22:4) showed the strongest effects in sensitizing Acsl4 KO 

cells to undergo RSL-3-induced ferroptosis (Figure 27). Interestingly, ω6 fatty acids 

could re-sensitize Acsl4 KO cell to undergo ferroptosis at low concentrations, 

whereas ω3 fatty acids, even at the highest concentrations tested, had only a 

marginal or no effect (Figure 27). ω6 FAs were in general 5-10-fold more efficient in 

cell death induction than ω3 FAs, the only exception being docosahexaenoic acid 

(DHA; 22:6). However, when DHA (ω3) treatment was only compared to AdA (ω6) 
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Figure 27: ω6 FA supplementation sensitizes Acsl4 KO cells to undergo ferroptosis. 

Potential of different FAs sensitizing Acsl4 KO cells to ferroptosis induced by RSL3. Arachidonic acid (AA) and 
adrenic acid (AdA) showed the strongest effect on ferroptosis sensitization. Moreover, ω6 FAs preferentially 
sensitize cells to ferroptosis compared to ω3 FAs independently of their carbon chain length. Pfa1 Acsl4 KO cells 
were incubated overnight with a mixture of fatty acids/BSA at the indicated concentrations. Upon wash out, 
ferroptosis was triggered with 100 nM RSL3 and cell viability was assessed after 4h. Data shown represents the 
mean ± s.d. from n = 3 wells of a 96-well plate from a representative experiment. An increase in red intensity 
indicates a sensitization to ferroptosis through the applied fatty acid (Abbreviations: Eicosadienoic acid (EDA), 
eicosatrienoic acid (ETE), docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA)). 

treatment (both FAs with 22 carbon atoms) DHA showed the same trend and was 

less potent to promote ferroptosis than AdA. The importance of the double bond 

position for induction of ferroptosis was further highlighted by comparing three 

eicosatrienoic acid (ETE; 20:3) molecules (5, 8, 11-ETE; 11, 14, 17-ETE and 8, 11, 

14-ETE) harboring three double-bonds at different positions (Figure 27). Additionally, 

EPA, even though harboring 5 double bonds, was less potent than AA and AdA (four 

double bonds) to induce ferroptosis, which is in conflict with literature showing that a 

higher degree of unsaturation correlates with higher oxidation potential in 

autoxidation reactions 221. These observations led to the hypothesis that the process 

that drives lipid peroxidation could be enzyme- compared to autoxidation-driven and 

that certain breakdown products (i.e. 4-hydroxynonenal) of ω6 FAs peroxides could 

represent the ‘lethal signal’ that drive alkylation of critical redox sensitive cysteine 

residues of essential proteins during ferroptosis. 
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4.4.2 Identification of oxygenated arachidonoyl- and adrenoyl-diacyl-
phosphatidylethanolamines (PE) as markers of ferroptosis 

In collaboration with Prof. Dr. Valerian Kagan (Pittsburgh University, Pittsburgh, USA) 

the lipidome of Acsl4 KO and parental Pfa1 cells was characterized using mass 

spectrometry (experiments were performed in the Kagan laboratory by Dr. Yulia 

Tyurina). Expectedly the levels of AA-CoA and AdA-CoA were both significantly 

decreased in Acsl4 KO compared to WT counterparts (Figure 28 B). On the other 

hand, the free levels of AA, EPA and DPA were not significantly changed upon KO of 

Acsl4 in contrast to AdA and DHA which showed significantly decreased levels 

(Figure 28 A). This finding is in line with the key function of Acsl4 to synthesize AA- 

and AdA-CoA that feed into the Lands’ cycle to enrich the plasma membrane with 

PUFAs. Accordingly, AA- and AdA- containing phosphatidylethanolamine (PE) and 

phosphatidylisonitol (PI) species were considerably reduced in Acsl4 KO compared 

to parental WT Pfa1 cells (Figure 28 C-E). Supplementation of exogenous AA 

increased the levels of AA- and AdA-containing PEs (Figure 28 D). In the case of 

Acsl4 KO cells this increase must have been occurred independently of Acsl4, 

arguing for partial functional redundancy among other Acsls at high AA 

concentrations as also outlined above. Surprisingly, only PE and PI showed a 

decrease in AA- and AdA-containing species, whereas phosphatidylcholine (PC) and 

phosphatidylserine (PS) tended to slightly increase concerning the content of these 

species (Figure 28 F-G), indicating a channeling effect of Acsl4 products towards PE 

and PI. This finding thus argues against a role of oxygenated products of PC and PS 

in ferroptosis execution, because Acsl4 KO cells exhibited an increased amount of 

oxidizable PC and PS. Since the formation of phospholipid hydroperoxides is a 

hallmark of ferroptosis, I was particularly interested in oxygenated phospholipids as 

potential pro-ferroptotic candidate signals. Together with the Kagan group I analyzed 

the (oxi)lipidome of Acsl4 KO and WT Pfa1 cells during ferroptosis induction (RSL3 

treatment and inducible Gpx4 KO), as well as in kidneys of Gpx4 KO mice. Hence 

these studies aimed at unravelling the nature of the toxic lipid signal(s) responsible 

for cell death execution 203. Global phospholipidomics analysis resolved in total 350 

species including 220 non- oxygenated and 130 oxygenated phospholipids of six 

major classes: PC, PE, PI, PS, phosphatidylglycerol (PG), and cardiolipin (CL). 

During ferroptosis most oxygenated phospholipids showed elevated levels (apart 

from CL), thus a significance analysis was used to compare the fold changes 
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Figure 28: Lipidome characterization of Acsl4KO and WT Pfa1 cells. 

(A) Quantitative assessment (using mass spectrometry) of free arachidonic acid AA (20:4), eicosapentaenoic acid 
EPA (20:5), adrenic acid AdA (22:4), docosapentaenoic acid DPA (22:5) and docosahexaenoic acid DHA (22:6) in 
WT and Acsl4 KO (Acsl4 -/-) Pfa1 cells. Data represents the mean ± s.d. n= 4-5. (B) Quantitative assessment of 
PUFA-CoA (AA-CoA and AdA-CoA) in WT and Acsl4 KO (Acsl4 -/-) Pfa1 cells. (C) MS spectra of 
phosphatidylethanolamine (PE) from WT (black) and Acsl4 KO (Acsl4 -/-) (red) Pfa1 cells. Inserts: MS spectra of 
PE molecular species (18:0/20:4) (left) and (18:0/22:4) (right) in the range of m/z 766.48-766.59 and 794.46-
794.64, respectively. (D) Quantitative assessment of (18:0/20:4) (left panel) and species in ACSL4 KO (Acsl4 -/-) 
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and WT Pfa1 cells in the absence and presence of additional AA supplementation using MS analysis. Cells were 
supplemented with AA (2.5 µM, 16 h at 37 °C). Data represent the mean ± s.d., n = 4. Quantitative assessment of 
(E) phosphatidylinositol (PI), (F) phosphatidylserine (PS) and (G) phosphatidylcholine (PC) molecular species 
containing AA (20:4) (left panels) and AdA (22:4) (right panels). Data are mean ± s.d. N=4. P-values are indicated 
in the figure (one-way ANOVA). 

of all oxygenated phospholipid species and helped defining the important players. PE 

species containing AA and AdA showed the most significant changes (Figure 29 A). 

By applying 4 different exclusion criteria, including (1) significantly increased (>3-fold) 

in ferroptotic vs. control cells, p<0.05; (2) correlation with cell death R>0.7; (3) 

reduced amounts of non-oxygenated precursor molecules in Acsl4 KO cells and (4) 

elevation in Gpx4 KO cells and GPX4 KO mice, Kagan and colleagues narrowed 

down the possible candidates from 130 to 4 oxygenated phospholipids, namely 

double and triple oxygenated species of arachidonoyl- and adrenoyl-PE (C18:0/20:4 

and C18:0/22:4). In fact, the respective oxygenation (2O, 3O) products of AA- and 

AdA- containing PE species accumulated in WT Pfa1 cells treated with RSL3 but 

were almost undetectable in Acsl4 KO cells during ferroptosis induction (Figure 29 

B). Fragmentation MS/MS analysis confirmed that the identified oxygenated AA- and 

AdA-PE species contained hydroperoxide-groups, which is in line with the genetic 

deficiency of Gpx4 or inactivation of Gpx4 by RSL3 203. Supporting these findings, 

addition of PE-AA-OOH to cells aggravated ferroptosis in Gpx4-deficient cells, 

whereas free AA-OOH and AdA-OOH failed to do so 203. Taken together, these data 

indicate that Acsl4 deficiency is accompanied by a significant and selective decrease 

of AA- and AdA-containing PE species that serve as a potential source of 

oxygenation products that in turn deliver a “lethal lipid signal” in ferroptosis. 
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Figure 29: Identification of the lethal lipid mediators during ferroptosis. 
 
(A) RSL3 induced changes of oxygenated phospholipids in ferroptotic cells compared to non-ferroptotic living 
cells. The fold-change (log2(fold-change)) was plotted against the significance (-log10(p-value)) of the change. On 
the left panel the different phospholipid species are indicated by color. The right panel shows the same plot 
highlighting the different fatty acyls in sn-2 position in the oxidized phospholipids. Data kindly provided by Prof. Dr. 
Valerian Kagan. (B) Quantitative assessment of hydroperoxy-PE molecular species (18:0/20:4) (left panel) and 
(18:0/22:4) (right panel) in RSL3-exposed WT and Acsl4 KO (Acsl4 -/-) cells in presence and in the absence of 
AA. Cell were treated with AA for 16 h and exposed to RSL3 (100 nM) for 6 h at 37°C. Data represent the mean ± 
s.d., n = 4. P-values are indicated in the figures (one-way ANOVA). 

 

4.4.3 Biophysical properties of Acsl4 KO cells and consequences for 
transfectability 

The esterification of PUFAs is a necessary process to modulate membrane fluidity 

and enable membrane fusion in cells 222, 223. Since the targeted KO of Acsl4 changed 

the lipid composition of cells leading to lower amounts of phospholipid-bound PUFAs 

(see MS data 4.4.2), I was interested if the biophysical properties of the membrane 

were affected in Acsl4 KO cells. One way to indirectly investigate membrane 

properties of a cell was to compare the transfectability of cells with a lipid 
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Figure 30: Acsl4 KO cells are refractory to lipofection- and viral-based transfection. 

(A) Flow cytometry analysis of Acsl4 KO (Acsl4 -/-) and WT (Acsl4 +/+) Pfa1 cells lipofected with and without the 
plasmid pmaxGFP using X-tremeGENE HP DNA transfection agent. Transfection efficiency was analyzed 24 h 
after lipofection on a BD FACS Canto II flow cytometer. (B) Viral infection of Acsl4 KO (Acsl4 -/-) and WT (Acsl4 
+/+) Pfa1 cells using lentiviral particles pseudotyped with the ecotropic envelope. The transfer plasmid pKLV-
U6gRNA(BbsI)-PGKpuro2ABFP contains the blue fluorescent protein (BFP) which was detected using a 450/50 
bandpass filer (BP) on a BD FACS Canto II flow cytometer 48 h after viral infection. The histogram shows the 
distribution of cells expressing BFP as a marker for successful viral infection. 

derived transfection agent. Hereby, the lipofection agent (X-tremeGENE™ HP DNA 

Transfection Reagent, Roche) contains cationic lipids that form a complex with a 

donor DNA (plasmid). This complex subsequently interacts with the negatively 

charged plasma membrane and is taken up via endocytosis. Just like lipofection, 

lentivirus-based infection is also dependent on membrane fluidity and composition 

and in addition also requires a functioning endocytotic machinery of the cell. Identical 

numbers of Acsl4 WT and KO Pfa1 cells were lipofected with a reporter plasmid 

expressing the green fluorescent protein (GFP) using the XtremeGENE™ HP 

transfection agent. 48 h after transfection cells were trypsinized and analyzed on a 

flow cytometer (FACSCantoII) using the 488 nm laser for excitation and a 530/30 

band-pass filter for signal detection. GFP expression was restricted to a small 

population (22.8 % of total events analyzed) in Acsl4 KO cells, whereas 81.2 % of 

WT Pfa1 cells showed successful expression of GFP (Figure 30 A). This effect could 

be reproduced using ecotropic lentiviral based infection of Acsl4 WT and KO cells 

with a BFP expressing vector (Figure 30 B). Acsl4 KO cells were inherently more 

resistant to transfection than parental control cells. These results prompted us to 

send Acsl4 KO and Lpcat3 KO Pfa1 cells to Prof. Helene Barelli (Institut de 
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Pharmacologie Moléculaire et Cellulaire), who is an expert in analyzing the 

biophysical mechanics of cellular membranes, to check weather Acsl4 and Lpcat3 

KO cells show reduced membrane fluidity that would limit endocytotic vesicle uptake. 

The analysis is currently ongoing. 

 

4.5 Pharmacological inhibition of Acsl4 phenocopies the effect of Acsl4 KO 

4.5.1 Acsl4 inhibition as novel anti-ferroptotic strategy 

Since genetic depletion of Acsl4 conferred a robust anti-ferroptotic effect, I next 

asked whether pharmacological inhibition of Acsl4 activity might also be beneficial in 

the context of ferroptosis resistance. From literature several molecules were reported 

to inhibit Acsl4 214. Among these Triacsin C was shown to inhibit Acsl1 and Acsl4 

simultaneously, while substances of the thiazolidinedione class of compounds 

appeared to be highly specific inhibitors of Acsl4 only 214. The application of both 

Triacsin C and thiazolidinedione strongly reduced the ‘de-novo’ synthesis of 

triacylglycerids (TAGs) but did not affect ß-oxidation 214, 224. Whereas Triacsin C 

functions as a competitive inhibitor (fatty acid mimetics), thiazolidinedions 

(troglitazone) exhibits a mixed-type inhibition (competitive and uncompetitive 

inhibition) that can be partially explained by an allosteric inhibition of the CoA binding 
214. In addition to Acsl4 inhibition, thiazolidinediones that were originally developed as 

insulin sensitizing anti-diabetic drugs, were reported to be strong PPARγ agonists 225. 

Three representative molecules of the thiazolidinedione class of compounds, namely 

rosiglitazone (ROSI), pioglitazone (PIO) and troglitazone (TRO) were indeed able to 

prevent ferroptosis (Figure 31 A) as well as lipid peroxidation (Figure 31 B) induced 

by RSL3. TRO was shown to most efficacious most likely due to its direct antioxidant 

activity mediated by its chromanol ring in addition to its Acsl4 inhibiting activity 

(Figure 31 C). ROSI, which lacked such radical trapping activity, was thus used in the 

following studies to exclude direct antioxidant effects (Figure 31 C). In fact, inducible 

Gpx4 KO cells that were treated with ROSI were completely resistant to TAM-

induced ferroptosis, thus phenocopying the effect of genetic loss of Acsl4 (Figure 31 

D and Figure 17 E). As both TRO and ROSI were first described as PPAR-γ agonist 
226, it was deemed necessary to test if the protective effects were indeed mediated by 

Acsl4 inhibition and not by PPAR-γ inhibition. The treatment of Pfa1 cells with 



  RESULTS 

- 102 - 

Figure 31: Thiazolidinediones protect from ferroptosis independently of PPARγ activation. 

(A) The thiazolidinediones, troglitazone (TRO), rosiglitazone (ROSI) and pioglitazone (PIO), protected cells from 
RSL3-induced ferroptosis in a dose-dependent manner. Cells were treated with increasing concentrations of the 
Acsl4 inhibitors (TRO, ROSI, PIO) and 100 nM RSL3. Cell viability was assessed 24 h after treatment using 
AquaBluer. Data shown represents the mean ± s.d. of n = 3 wells of a 96-well plate from a representative 
experiment. (B) Thiazolidinediones prevent lipid oxidation induced by 125 nM RSL3 for 3 h, as determined by 
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BODIPY 581/591 C11 oxidation. Flow cytometry analysis was used to measure the fluorescence shift of BODIPY 
581/591 C11 in the FL1 channel (502LP and 530/30 BP filter). (C) Analysis of radical trapping/antioxidant 
potential of TRO, ROSI, PIO and Triacsin C compared to α-tocopherol. Antioxidant activity was assessed using 
the DPPH assay. Absorption was measured at 517 nm. The data represent the mean ± s.d. of n = 3. (D) ROSI 
treatment (30 µM) phenocopies Acsl4 KO measured by LDH release with or without TAM (1 µM)-induced Gpx4 
deletion. Data shown represents the mean ± s.d. of n = 3 wells of a 96-well plate from a representative 
experiment, p<0.0001 (two-way ANOVA) (E) Cells treated with PPARγ agonists GW1929 and Azelaoyl PAF for 3 
days did not increase resistance to ferroptosis induced by RSL3. Cell viability was assessed 24 h after treatment 
using AquaBluer. Data shown represents the mean ± s.d. of n = 3 wells of a 96-well plate. (F) ROSI prevents 
ferroptosis in a PPARγ-independent way. PPARγ KO (relative expression levels of PPARγ in KO and WT cells in 
the right panel) and WT cells were treated with or without 25 µM ROSI and 100 nM RSL3 for 24 h. Cell viability 
was assessed after this time using AquaBluer. Data shown represents the mean ± s.d. of n = 3 wells of a 96-well 
plate from a representative experiment. (G) ROSI prevents lipid oxidation independently of PPARγ by specifically 
inhibiting Acsl4 as assessed by BODIPY 581/591 C11 oxidation. Flow cytometry analysis was used to measure 
the fluorescence shift of BODIPY 581/591 C11 using the 488 nm laser for excitation and a 530/30 BP filter for 
fluorescence detection. (H) Combined treatment of ROSI and liproxstatin-1 demonstrates a synergistic effect to 
prevent Gpx4 KO induced ferroptosis in Pfa1 cells treated with TAM for 72 h, p<0.01 (two-way ANOVA). Data 
shown represents the mean ± s.d. of n = 3 wells of a 96-well plate from a representative experiment. 

specific PPAR-γ activators, such as GW1929 and azelaoyl PAF, failed to rescue cells 

from RSL3-induced ferroptosis (Figure 31 E) and more importantly, ROSI maintained 

its anti-ferroptotic effects even in PPAR-γ KO cells (Figure 31 F and 31 G). 

Additionally, ROSI and liproxstatin-1, a previously described inhibitor of ferroptosis 78, 

appeared to work in concert to protect from Gpx4 deletion induced ferroptosis in Pfa1 

cells (Figure 31 H). Subsequently, I asked whether the protective effect of ROSI was 

due to changes in the cellular lipid composition by mimicking Acsl4 deficiency. To this 

end WT and Acsl4 KO MEFs were treated with ROSI and all major PE species were 

analysed by MS (Figure 32 A). WT MEFs treated with ROSI and cells lacking Acsl4 

showed very similar changes of PE species (decrease of AA and AdA containing PE) 

(Figure 32 B). Moreover, treatment of Acsl4 KO cell with ROSI did not further 

decrease the levels of AA and AdA containing PE, thus supporting the specific 

activity of ROSI as an Acsl4 inhibitor (Figure 32 B and C). 
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Figure 32: Rosiglitazone mediated change in PE lipid composition is due to inhibition of Acsl4. 

(A) MS spectra of PE species at the indicated conditions. Highlighted in red are the molecular species of PE 
decreased by the treatment with ROSI and Acsl4 KO. (B) Heat-map of all major PE species with hierarchical 
clustering of the groups WT, WT+ROSI, Acsl4 KO, Acsl4 KO+ROSI. Each PE species was normalized to the 
corresponding mean value. (C) Effects of ROSI and Acsl4 KO on two major molecular species of PE(18:0/20:4) 
and PE(18:0/22:4) representing substrates for oxygenation during ferroptosis. Data represents the mean ± s.d. of 
n = 4 samples, *p<0.05 compared to WT (one-way ANOVA). 

 

4.6 Ferroptosis execution is independent of BH3 Interacting Domain Death 
Agonist (BID) 

BID (BH3 interacting domain death agonist) is a pro-apoptotic gene of the Bcl2 family 

of proteins that plays an important role in linking the extrinsic and intrinsic apoptotic 

signaling cascade. Thereby, activated BID facilitates mitochondrial permeabilization, 

cytochrome c and AIF release (for details please refer to 1.2.1). Since BID-induced 

mitochondrial damage has been suggested to be a critical event for glutamate-
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induced oxytosis 227, 228, a closely related from of regulated necrotic cell death, I was 

eager to test if Bid has also a role in ferroptosis execution. CRISPR/Cas9 technology 

was used to introduce frame-shift mutations in the coding sequence of Bid 

(genotyping of clones and mutation characterization by tide.nki.nl in the Appendix). 

Western blot analysis of the selected Pfa1-Cas9 clones #5 (partial deletion) and #7 

confirmed the successful depletion of Bid (Figure 33 A). Bid KO cells were slightly 

more resistant to RSL3-induced ferroptosis compared to the parental cell line (Figure 

33 B). Albeit ferroptosis induced by Gpx4 depletion could not be halted by the KO of 

BID (Figure 33 C). This result demonstrated that BID expression is not an absolute 

requirement for the execution of ferroptosis at least in fibroblasts. 

Figure 33: Murine fibroblasts execute ferroptosis independently of Bid expression. 

(A) Immunoblot analysis of CRISPR mediated KO of BID in Pfa1-Cas9 cell clones. The clones #5 (partially) and 
#7 showed depletion of the Bid protein. (B) Dose-dependent cytotoxicity of RSL3. Cell viability was assessed 24 h 
after treatment using the AquaBluer assay. Data shown represents the mean ± s.d. of n = 3 wells of a 96-well 
plate from a representative experiment. Significant protection of Bid -/- #7 compared to WT cells was observed at 
37nM RSL3, p<0.001 (one-way ANOVA). (C) Time-dependent increase of LDH release in WT (Pfa1-Cas9) and 
Bid -/- (Pfa1-Cas9 Bid KO #7) cells with or without treatment with TAM (1 µM) to induce the Gpx4 KO; 
supernatants were collected at the indicated time points and assayed for LDH activity in a 96-well plate. Data 
shown represents the mean ± s.d. of n = 3 wells from a representative experiment. 

 

4.7 Molecular characterization of Acsl4 

4.7.1 Expression levels and localization of Acsl4 in different tissues of 
C57Bl/6j mice 

Since Acsl4 expression was found to predict ferroptosis sensitivity in a variety of 

different cellular systems (Pfa1, HT22 and a panel of human breast cancer cells), I 

sought to identify mouse tissues that are potentially prone to undergo ferroptosis. The 

organs from two C57BL/6j mice were dissected and snap-frozen in liquid nitrogen for 

total protein extraction. Western blot analysis using 20 µg of the homogenates was 

used to assess the expression level of Acsl4 and Gapdh in different mouse tissues  
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Figure 34: Immunohistological detection of Acsl4 expression in different mouse tissues of C57BL/6j mice. 

(A) Western blot analysis of 20 µg of snap frozen mouse tissues protein homogenates. Acsl4 (~75 kDa) 
expression was compared to the expression of glycerinaldehyd-3-phosphat-dehydrogenase (Gapdh, 37kDa). 
Tissue protein homogenates from two C57BL/6j mice (1 and 2) were used. Protein extracts from Pfa1 cells were 
used as positive control for Acsl4 expression. (B) Immunohistochemical peroxidase staining of paraffin embedded 
tissue sections (10 µm). Sections were stained using a primary antibody directed against Acsl4 (sc-271800) and a 
biotinylated anti-mouse secondary antibody (see Materials section). For each tissue a control staining without 
primary antibody was used together with the same secondary to display secondary background staining. DAB 
staining was performed according to the Method section 3.2.7.3. Brown staining indicated Acsl4 expression. 
Nuclei are stained blue because of the hematoxylin counterstain. Pictures were taken with an Axioplan2 
microscope (40x objective). The scale bar in each picture indicates 25 µm. 

(Figure 34 A). Gapdh expression is widely used for normalization purposes in 

Western blotting, although its expression levels are known to vary between different 

tissues 229, 230. Therefore, Acsl4 expression was directly compared between tissue 

samples as the same protein amount was loaded for the Western blot. Acsl4 

expression was detectable in all analyzed tissue samples yet to varying degree. 

When comparing Acsl4 levels directly between tissues, the strongest expression was 

found in kidney, followed by moderate expression in liver, lung, brain, spleen and 

thymus. Acsl4 expression was weak in testis homogenates. Surprisingly, cardiac 

tissue showed weak double bands at 75 kDa, possibly representing the long and 

short isoforms of Acsl4. Interestingly, two uncharacterized bands appeared at high 

molecular weights (~150 kDa) only in heart tissue. Based on the observed patterning 

and molecular weight of these bands, one may speculate about homodimerization of 

the Acsl4 protein in these tissue samples. Such homodimers have indeed been 

observed for a related long chain fatty acyl-CoA synthetase from Thermus 

Thermophilus 207.  
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Acsl4 expressing cell populations were further characterized using immuno-

histochemical analysis of paraffin-embedded tissue sections (10 µm). Kidney, liver, 

lung, heart, thymus, spleen, testis and pancreas sections were stained using the DAB 

method described in Method section 3.2.7.3. Hematoxylin staining of cell nuclei was 

included as a counterstain (Figure 34 B). As a negative control, the primary antibody 

was omitted on separate sections to detect possible unspecific signals that might 

derive from the secondary antibody alone (Figure 34 B). Acsl4 was generally 

localized to membranous cell compartments that were not further detailed in this 

study. In kidney Acsl4 expression was present in distal and proximal tubular cells as 

well as to some extent in the glomerulus. In liver Acsl4 expression was evenly 

distributed and detected in hepatocytes, and in lung in the pulmonary alveoli. Cardiac 

muscle cells showed moderate Acsl4 expression supporting the Western blot data 

presented above. In spleen tissue Acsl4 expression was observed in the white and 

red pulp. Thymus tissue revealed Acsl4 expression mainly in the medulla although in 

cortex hematoxylin counterstaining may obscure its actual expression in this region. 

In the seminiferous tubules of the testis Acsl4 was strongly expressed in 

spermatogonia, whereas in differentiating sperm cells it was only modestly expressed 

in the pancreas Acsl4 expression was confined only to the endocrine gland (islets of 

Langerhans), while the exocrine gland showed no signal. 

In addition to the histological analysis of the peripheral organs, I performed a similar 

analysis on paraffin-embedded brain sections (10 µm). Sagittal brain sections were 

stained using the DAB method. Hematoxylin counterstaining was used to visualize 

cell nuclei (blue staining) (Figure 35). Immuno-peroxidase staining revealed Acsl4 

expression of different neuronal cell populations in multiple regions of the mouse 

brain (Figure 35). Acsl4 expression was detectable in the soma of neuronal 

subpopulations. Specifically, neurons of the CA3 region of hippocampus, Purkinje 

cells of the cerebellum, and neurons of the frontal cortex (layer 2 and 3) showed 

Acsl4 expression. To a lesser degree Acsl4 staining was observed in some neurons 

of the olfactory bulb and the midbrain. Neurons of different nuclei in the Pons stained 

also positive for Acsl4. 

.   
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Figure 35: Immunhistological detection of Acsl4 expression in mouse brain sections. 

Immunohistochemical peroxidase staining of paraffin embedded tissue sections (10 µm). Sagittal brain sections 
were stained using the DAB method. Sections were stained using a primary antibody directed against Acsl4 (sc-
271800) and a biotinylated anti-mouse secondary antibody (see Materials section). For each tissue a control 
staining without primary antibody was used together with the same secondary to display secondary background 
staining. Brown staining indicated Acsl4 expression. Nuclei are stained blue because of the hematoxylin 
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counterstain. Pictures were taken with an Axioplan2 microscope (40x objective). The scale bar in each picture 
indicates 25 µm. 

 

4.7.2 Rosiglitazone in a mouse model of inducible GPX4 KO 

Because of the strong anti-ferroptotic effect conferred by Acsl4 inhibition or genetic 

deficiency (Figure 31 and 17), it was next asked whether pharmacological inhibition 

of Acsl4 may hold the potential to halt ferroptosis also in vivo. I investigated the effect 

of Acsl4 inhibition in a conditional KO mouse model of Gpx4-deficiency, which leads 

to acute renal failure and early death of mice approx.10-12 days after KO induction 

by TAM 78. This model represents a highly reliable and well-characterized ferroptosis 

in vivo model which can be used to investigate the efficacy of potential anti-ferroptotic 

compounds. In fact, ROSI applied in the drinking water prolonged the overall survival 

compared to vehicle-treated animals in this study (Figure 36). 

Figure 36: Rosiglitazone treatment showed beneficial 
effects in a mouse model of inducible GPX4 KO. 

(A) Treatment of TAM-inducible Gpx4 KO mice with 
rosiglitazone (ROSI) and vehicle (DMSO) in the drinking 
water delayed mortality induced by loss of Gpx4. Drinking 
water treatment started 1 week prior to TAM injection and 
was replaced every other day. Daily animal assessment 
was performed in a blinded fashion. When animals showed 
terminal signs, they were euthanized. Survival analysis 
was performed using the GraphPad Prism software and 
statistical analysis was done according to the log-rank 
(Mantel Cox) test, p<0.01. 

 

4.7.3 Generation of Tamoxifen-inducible Acsl4 KO and Acsl4/Gpx4 double 
KO mice 

As part of the European Conditional Mouse Mutagenesis Program (EUCOMM) a 

conditional ready Acsl4 KO mouse was generated carrying the KO first allele 

Acsl4tm1a(EUCOMM)Wtsi (MGI:4431605) (Figure 37 A). This mouse strain, which was 

cryo-conserved as frozen sperm samples by the European Mouse Mutant Archive 

(EMMA), was imported using in vitro fertilization of foster animals (C57BL/6j). Acsl4 is 

a X-chromosomal gene. Long-range PCR was used to validate the correct integration 

site of the targeting vector (Figure 37 B). Subsequently, females carrying the correct 

Acsl4tm1a(EUCOMM)Wtsi allele were mated with FLPe (recombinase flippase) deleter mice 

to create the conditional “tm1c” allele (Figure 37 A). Hereby, FLPe recognizes the  
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Figure 37: Generation of TAM-inducible conditional Acsl4 KO mice. 

(A) Scheme showing the workflow to produce the conditional Acsl4 KO mouse starting from the KO-first allele 
(tm1a, Acsl4tm1a(EUCOMM)Wtsi). FRT regions flanking the KO-first cassette (Abbreviations: Splice acceptor (SA), ß-
Galactosidase (lacZ), neomycin phosphotransferase gene (neo), Poly adenylation site (pA)) are recognized by 
FLPe recombinase to catalyze cassette excision to form a conditional ready allele (tm1c). Additional loxP sites 
flanking exon 3 of Acsl4 enable the KO of Acsl4 (tm1d) via Cre-mediated site-specific recombination. (B) Top, the 
binding sites for the long range PCR primers are shown (LR5a:#1845/#1847; LR5b:#1846/#1847; LR3a: 
#1848/#1849; LR3b:#1848/#1850) used to confirm the correct targeting of mutant mice. Bottom, 1% agarose gel 
separating long-range PCR reactions. Each PCR was performed with five different DNA concentrations (serial 
dilutions 1:5 sample 1-5). The Hyperladder I from BIOLINE was used as a size marker. (C) 2% agarose gel 
demonstrating successful conversion of the Acsl4 tm1a to tm1c allele in mice expressing FLPe (#17, #18). Lane 
1: PCR FLPe transgene (Primers: Flips/Flipas; PCR product:~550 bp). Lane 2: Genotyping PCR flipped targeting 
construct (Primer: #1932/ #1933; PCR products: WT (225 bp); tm1c (363 bp); tm1a (no amplification)). Lane 3: 
Genotyping PCR Acsl4 targeting construct (Primers: #1861/#1862 PCR product: 280 bp). GeneRulerTM 1 kb Plus 
DNA Ladder was used as size indicator. (D) 2% agarose gel showing genotyping reactions of the Acsl4 tm1c 
allele (Primer: #1932/ #1933; PCR products: WT (225 bp); tm1c (363 bp); tm1a (no amplification)) in 10 animals. 
Genotypes are indicated above the gel lanes. The mouse line Acsl4tm1c/tm1c was successfully established 
(founders are marked with arrows). GeneRulerTM 1 kb Plus DNA Ladder was used as size indicator. Since Acsl4 
is an X chromosome linked gene, male mice are marked with a y. Successfully flipped alleles (tm1c) are indicated 
by fl (floxed, loxP-flanked). (E) 2% agarose gels showing genotyping reactions of the founder animals for the 
mouse lines Acsl4tm1c/tm1c CaMKCreERT2 and Acsl4tm1c/tm1c ROSA26CreERT2 indicated by black arrows below 
the gels. The top gels show genotyping reactions of the Acsl4 tm1c allele (Primer: #1932/ #1933; PCR products: 
WT (225 bp); tm1c (363 bp); tm1a (no amplification)), the bottom gels show Cre specific PCR reactions of the 
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same animals. The primers CreER1, CreER2 and CreER3 were used to identify the CaMKCreERT2 transgene 
(WT: 290 bp; successful flipped (fl): 375 bp). ROSA26CreERT2 was detected with the primers CRE D and CRE E 
that generated a product of ~500 bp. GeneRulerTM 1kb Plus DNA Ladder was used as size indicator. Male mice 
are marked with a y. 

FRT sites of the “tm1a” allele and leads to the deletion of DNA sequences between 

them 231. Short PCRs were used to identify offspring that carried the transgenic FLPe 

allele and that had successfully converted the “tm1a” into the “tm1c” allele (Figure 37 

C). Mice carrying the conditional allele were then backcrossed with C57BL/6J mice to 

remove the FLPe transgenic allele. Finally, heterozygous Acsl4wt/tm1c females were 

crossed with hemizygous Acsl4y/tm1c to generate a mouse strain that exclusively 

carried the conditional Acsl4tm1c/tm1c allele (Figure 37 D). Acsl4tm1c/tm1c mice showed 

no overt phenotype as the action of Cre recombinase is still necessary to generate 

the KO allele (tm1d) (Figure 37 A). Accordingly, Acsl4tm1c/tm1c animals were first 

crossed with mice carrying a TAM-inducible version of the Cre gene called CreERT2 

(Cre recombinase fused to a mutated ligand domain of the estrogen receptor 232) to 

generate mouse models with inducible Acsl4 KO. Since the expression profile of the 

Cre recombinase affects the site of gene KO in the organism 233, different Cre 

expressing mouse stains were used either to facilitate a fully body KO for Acsl4 in all 

tissues except brain (CreERT2 expressed from the ROSA26 locus 191) or to restrict 

the Acsl4 KO to the cortex and hippocampus (CreERT2 under the 

calcium/calmodulin-dependent protein kinase II alpha (CaMK) promoter, 192). The 

offspring were bred until homozygosity of the Acsl4 locus (tm1c) and simultaneous 

expression of CreERT2 was achieved (Figure 37 E). Acsl4tm1c/tm1c ROSA26CreERT2 

mice (AZ112-AZ115; genotyping PCR in the Appendix) were used to validate the 

inducibility of the generated conditional Acsl4 KO mouse model. In two mice 

(AZ114/AZ115) the KO of Acsl4 was induced by two consecutive i.p. TAM injections 

(as described in Method section 3.2.8.3), while non-injected mice (AZ112/AZ113) 

served as controls in this setting. All mice were sacrificed one month after the first 

TAM injection and kidney and liver were dissected and snap-frozen. Organs were 

homogenized and 20 µg of whole protein extracts were analysed for Acsl4 

expression by immunoblotting (Figure 38 A). Immunoblotting against Acsl4 

demonstrated successful inducible Acsl4 deletion in both kidney and liver 

homogenates of TAM-induced mice. Liver homogenates showed less residual Acsl4 

expression than kidney homogenates after KO induction. The difference in Acsl4 KO 

efficiency might be explained when considering the expression profile of the 

CreERT2 transgene 234. Unlike liver, where the CreERT2 expression level is high and 
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ubiquitously expressed, in kidney CreERT2 expression is generally lower and mainly 

localized to the medulla and parts of the cortex 234. To further compare Acsl4 

expression in Acsl4 WT and induced Acsl4 KO tissues (kidney, liver and pancreas), I 

analyzed Acsl4tm1c/tm1c mice (also referred to as Acsl4 fl/fl) with and without CreERT2 

transgene expression one month after the mice were injected twice with TAM. Acsl4 

expression was detected by immuno-histochemical analysis of paraffin-embedded 

tissue sections using the DAB method (Figure 38 B). Induced Acsl4 KO tissues 

showed strongly reduced Acsl4 expression levels in kidney, liver and islets of 

Langerhans, even though some residual Acsl4 staining was detectable after KO 

induction (Figure 38 B, middle panel). The remaining signal most likely results from 

incomplete KO induction which would lead to patchy residual staining (not observed 

in pancreas Figure 38 B). Another explanation for the remaining Acsl4 signal would 

be slow turnover the Acsl4 protein which might have persisted 1 month after KO 

induction. 

Efforts are currently being made to generate the conditional 

Acsl4tm1c/tm1c/Gpx4tm2Marc/tm2Marc double KO mouse line. To this end, Acsl4tm1c/tm1c were 

crossed with Gpx4tm2Marc/tm2Marc mice and the offspring are currently being interbred to 

achieve homozygosity of all alleles. Once the Acsl4tm1c/tm1c/Gpx4tm2Marc1c/tm2Marc line is 

established, the mice will be crossed with Acsl4tm1c/tm1c ROSA26CreERT2 or 

Acsl4tm1c/tm1c CaMKCreERT2 animals to introduce the inducible CreERT2 

recombinase. With the generation of these mouse lines I will be able to interrogate 

whether the genetic loss of Acsl4 confers resistance to tissue damage (and early 

death of mice in the case for Gpx4tm2Marc1c/tm2Marc ROSACreERT2) inflicted by the loss 

of Gpx4 in kidney and forebrain, respectively. 
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Figure 38: Immunohistochemical validation of TAM-inducible Acsl4 KO mice. 

(A) Western blot analysis of 20 µg of snap frozen kidney and liver tissue homogenates from tamoxifen (TAM) 
induced (+) and non-induced (-) Acsl4tm1c/tm1c ROSA26CreERT2 mice (AZ112-115). Acsl4 (~75 kDa) expression 
was compared to the expression of glycerinaldehyd-3-phosphat-dehydrogenase (Gapdh, 37kDa). Protein extracts 
from Pfa1 cells were used as positive control for Acsl4 expression. (B) Immuno-histochemical peroxidase staining 
of paraffin embedded tissue sections (10 µm). Sections from the kidney, liver and pancreas of an Acsl4tm1c/tm1c 
mouse (Acsl4 fl/fl; top row) were compared to sections of an Acsl4tm1c/tm1c mouse expressing the 
ROSA26CreERT2 transgene (Acsl4 fl/fl ROSA26CreERT2; middle panel). Sections were stained using a primary 
antibody directed against Acsl4 (sc-271800) and a biotinylated anti-mouse secondary antibody. For each tissue a 
control staining without primary antibody (bottom panel) was used together with the same secondary to show 
potential background staining. DAB staining was performed according to the Method section 3.2.7.3. Brown 
staining indicates Acsl4 expression. Nuclei are blue because of hematoxylin counterstaining. Pictures were taken 
with an Axioplan2 microscope (40x objective). The scale bar in each picture indicates 25 µm.  
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5 DISCUSSION 

5.1 Screening for novel pro-ferroptotic genes 

Ferroptosis is a recently described form of regulated necrotic cell death that is tightly 

controlled by Gpx4. Our group and others have previously shown that this pathway 

can be elicited by pharmacological or genetic inhibition of Gpx4 in cells and certain 

tissues78, 81. The inactivation of Gpx4 is believed to lead to increased levels of 

uncontrolled lipid peroxidation culminating in cell death, although critical players and 

metabolic constraints regulating this event have remained largely unknown. In this 

study three different approaches (Genome-wide shRNA screening, microarray 

profiling of ferroptosis resistant cell clones and genome-wide CRISPR/Cas9 KO 

screening) have been applied to identify potential pro-ferroptotic genes. The first 

approach used a combined array of shRNAs (MISSION® Mouse shRNA library from 

Sigma-Aldrich, ~5 genes per gene) that were delivered into xCT- cells using ready to 

infect lentiviral particles. Cysteine starvation which leads to depletion of cellular GSH, 

the critical substrate of GPX4, was used to enrich certain shRNAs in the selected cell 

pool compared to the control pool (excel file 1 on CD). The genes Isca1 and Uqcrc2 

were considered as most promising hits considering the total number of sequenced 

shRNAs in the selected cell population. From other studies, it was known that the 

knockdown of Isca1 is not only associated with a complete loss of mitochondrial 

cristae structures and thus respiration, but also the depletion of many mitochondrial 

Fe/S cluster containing proteins including succinate dehydrogenase (SDH) and 

several proteins of complex I and complex II 235. Additionally, Uqcrc2 itself encodes 

for an important core protein of complex III 236, which led to the assumption that 

limiting mitochondrial respiration could be a beneficial process during cysteine 

starvation-mediated ferroptosis. In fact, the role of mitochondria during ferroptosis is 

still unclear. Like our group, the Stockwell laboratory already identified a gene of the 

mitochondrial respiratory chain namely ATP synthase F0 complex subunit C3 

(ATP5G3) in addition to multiple other mitochondrial associated proteins, such as 

citrate synthase (CS), voltage-dependent anion channel 3 (VDAC3), tetratricopeptide 

repeat domain 35 (TTC35) and acyl-CoA synthetase family member 2 (ACSF2), 

whose knockdown using siRNA-based technology did transiently protect cells from 

Erastin-induced ferroptosis 76. Even though these findings argued for a role of 

mitochondria in ferroptosis, the Stockwell group showed that ferroptosis can appear 
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independently of the mitochondrial electron transport chain, demonstrated by 143B 

osteosarcoma cells depleted of mitochondrial DNA (ρ0 cells) that remained equally 

sensitive to Erastin, RSL3 and FIN56 (a new ferroptosis inducing agent) induced 

ferroptosis as their wildtype (ρ+) counterparts 76, 237. In line with this finding, the 

downregulation of several non-mitochondrial genes such as cysteinyl-tRNA 

synthetase, members of the aldo-keto reductase 1C (AKR1C) family, heat shock 

protein beta-1 (HSPB1), p53 and retinoblastoma (Rb) also conferred transient 

protection from ferroptosis 86, 89, 102, 238, 239. While the loss of Cyteinyl-tRNA synthetase 

is protective by uncoupling cysteine availability from system xC
- (activation of the 

transsulfuration pathway) 86, AKR1C and HSP1 might be involved in the 

detoxification of the small molecules used to induce ferroptosis, thereby giving away 

little mechanistic information about the underlying cell death. 

Despite these earlier findings, I sought to identify essential pro-ferroptotic genes that 

are not only generally important for the ferroptotic process per se, but that might help 

to expand our insights into the mechanisms of ferroptosis execution. In fact, the 

results from the profiling of ferroptosis-resistant cell clones (Figure 12), as well as a 

genome-wide CRISPR/Cas9 KO screening in Pfa1 cells (Figure 14) identified and 

established an essential regulatory role for the Acsl4 gene in the ferroptotic cell death 

process. I challenged the robustness of the findings by showing that Acsl4 KO cells 

were not only resistant to high concentrations of the ferroptosis inducer RSL3 but 

also to genetic depletion of the central ferroptosis regulator Gpx4 (Figure 17 D and 

E). This is a highly remarkable finding, as up until now no other cell type including 

cortical neurons 88, fibroblasts 157, vascular cells 204, T cells 99 and erythroid cells 240 

have been able to survive under normal cell culture conditions in the absence of 

Gpx4. Importantly, I noticed that even trace amounts of Acsl4 were sufficient to 

successfully induce ferroptosis (Figure 17 F), which may explain why I failed to 

identify the gene using siRNA-mediated knockdown screens. Finally, during 

finalization of this thesis, the Stockwell group also pointed to ACSL4 - among other 

genes - as an important player for RSL3-induced ferroptosis using a haploid genetic 

screen 125. However, in this study the authors did not address the cellular 

mechanisms and its functional implication in ferroptosis, but instead they were able to 

identify several drug-specific differences depending on the small molecules used for 

ferroptosis induction 125. From data comparison, it became obvious that synthetic 

lethal screens using insertional mutagenesis in haploid cells provide a valid method 
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for in depth analysis of molecular signaling networks like cell death pathways. 

Unfortunately, haploid genetic screens are not only dependent on retroviral genetrap 

insertions (a biased process favoring highly expressed genes) 241, but are also 

restricted to a certain set of haploid cell lines that naturally possess a high degree of 

chromosomal instability 242, 243 making these cells hard to work with. As 

CRISPR/Cas9 technology is improving with an incredible pace (newer/better 

screening libraries) this technology represents a most powerful tool that can match 

the resolution of haploid genetics 244, 245. In fact, CRISPR/Cas9 based screens can 

already be considered superior in some fields concerning their ease-of-use, versatility 

of application (multiple cellular contexts), scalability and customizability (possibility to 

design your own custom target libraries) 166. 

 

5.2 Acsl4 - A lipid metabolizing gene and its central role in ferroptosis 

FAs are not only fundamental building blocks of cellular membranes, but also 

represent energy-rich metabolites that can be used for ATP production or energy 

storage. Consequently, their uptake and utilization must be tightly regulated to 

support cellular homeostasis. To be used for anabolic or catabolic processes (de-

novo synthesis of glycerophospholipids, ß-oxidation, etc.), FAs need to get activated 

and thereby metabolically trapped inside the cell 246, 247. Members of the Acsl protein 

family, which consists of 5 isoenzymes (Acsl1, Acsl3, Acsl4, Acsl5 and Acsl6), are 

specialized enzymes in catalyzing the activation of long-chain FAs (C12-22), 

generating acyl-CoAs by attaching coenzyme A molecules to their carboxyl group 206, 

207 (Figure 18). 

For its role in ferroptosis, the focus of this chapter will be dedicated to the molecular 

characteristics of Acsl4, which was discovered in 1997 211. With a sequence 

homology of 68% Acsl3 is considered the closest relative of Acsl4, followed by Acsl1, 

Acsl5 and Acsl6 with around ~30 % of homology 209, 248. Despite catalyzing the same 

fundamental chemical reaction, Acsl enzymes do vary in substrate preference which 

is based on the chain lengths and degree of unsaturation of their substrates 209, 210. In 

particular Acsl4 displays a strong preference towards polyunsaturated FAs of 20 

carbon atoms (specifically AA and EPA) which is unique among the Acsl family of 

proteins 209, 249. The differences in substrate requirement in combination with distinct 

tissue and subcellular localization patterns of Acsl proteins are believed to induce 
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channeling effects that lead to the generation of spatially separated acyl-CoA pools 

that subsequently fuel into different downstream metabolic pathways 210, 215, 250, 251. 

Acsl4 for instance exhibits two isoforms of which the short one (ACSL4_v1, 670 

amino acids) is ubiquitously expressed, whereas the expression of the long isoform 

(ACSL4_v2, 711 amino acids) is exclusively restricted to the brain 252, 253. ACSL4_v1 

was found to be associated with the inner leaflet of the plasma membrane in COS 

and HuH-7 cells 254 and with the peroxisomal and MAM subcellular fractions of rat 

livers and CHO cells 215, 255, whereas ACSL4_v2 was found preferably on the surface 

of the ER and of lipid droplets 254. Basal transcription of Acsl4 is maintained by the 

transcription factor specificity protein 1 (Sp1), whereas the second messenger cAMP 

can stimulate Acsl4 transcription via cAMP response element-binding protein (CREB) 
256. Taken together, Acsl4 shows a unique expression profile that is regulated by a 

complex network including not only micro RNA-based post-transcriptional 

modifications (miR-347 increases and miR-224 decreases Acsl4 transcript 

abundance) but also post-translational ubiquitination and phosphorylation events 257-

260. Moreover, a phenotypical analysis of Acsl4 KO mice by the German Mouse Clinic 

(GMC, Helmholtz Zentrum München) established a critical role of Acsl4 during 

developmental processes, as homozygous Acsl4 KO mice showed excessive pre-

weaning lethality with incomplete penetrance (for details please refer to 

http://www.mousephenotype.org/data/genes/MGI:1354713). This result was 

confirmed by another study that shows that the zebrafish homologue of Acsl4 is 

necessary for proper patterning of the dorsoventral axis during embryogenesis. The 

loss of Long-Chain Acyl CoA Synthetase 4A leads to impaired BMP (bone 

morphogenetic protein) signaling by increased R-Smad linker phosphorylation and 

proteasomal degradation (R-Smad is the downstream mediator of BMP signaling) 

resulting in a completely dorsalized embryo 261. Even though it is still unclear how 

Acsl4 mediates this regulation on a molecular level, constitutively active Akt (protein 

kinase B) seems to rescue the dorsalized phenotype 261. Consequently, a role for 

PUFA/PUFA-CoAs in activating Akt has been postulated as a possible mechanism 
261. 

Even though Acsl4 has already been associated with several pathological conditions 

of humans including X-linked mental retardation 262
, type II diabetes 

263
 and hormone 

resistance of prostate and breast cancer lines 264, 265, its implication in cell death was 

just recently perceived 125, 202. In the present study, Acsl4 was characterized as a 
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fundamental player that determines ferroptosis sensitivity by shaping the cellular 

lipidome. Since Acsl4 KO cells did not present lipid peroxidation in response to RSL3 

treatment (Figure 19 B), a hallmark of ferroptosis 76, I concluded that impaired PUFA 

activation leads to lower levels of PUFA containing PL species thereby making Acsl4 

KO cells less prone to undergo excessive lipid peroxidation. In fact, using MS-

analysis, it was shown that Acsl4 was responsible for ~75% of AA-CoA and 95% of 

AdA-CoA generation in Pfa1 cells (Figure 28 B). Yet, contrary to our expectations the 

FA-CoAs produced by Acsl4 were not equally incorporated into all PL species, but 

instead were mostly incorporated into species of PE and PI harboring a C18 acyl at 

their sn-1 position (Figure 28 D-G). As another study demonstrated AA channeling 

into PI using Acsl4 overexpressing cells 254, I am confident that the results using 

Acsl4 KO cells provide further confirmation for the FA-channeling hypothesis 210, 254. 

The process ultimately responsible for modifying the FA distribution in PLs is called 

the Lands’ cycle and involves the hydrolysis by phospholipase A2 (PLA2) and 

subsequent exchange of the sn-2 standing acyl-group of PLs by lysophospholipid 

acyltransferases 266-268. As another study had already indicated a role for 

lysophosphatidylcholine acyltransferase 3 (LPCAT3) in ferroptosis 125, I generated a 

Lpcat3 KO cell line in a manner as done for Acsl4. Yet, Lpcat3 KO cells were by far 

less protected from RSL3-induced ferroptosis (Figure 19 C) 

 
Figure 39: Acsl4 determines ferroptosis sensitivity by shaping the cellular phospholipid composition. 

Graphical outline linking the enrichment of PUFA containing phospholipids (PL) in cellular membranes which is 
mediated by acyl-CoA long-chain family member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 
(LPCAT) with the generation of ferroptotic death signals (hydroperoxy-phosphatidylethanolamine (18:0/20:4)). 
PUFA containing PLs are indicated in red.  Pharmacological inhibition of Acsl4 by thiazolidinediones decreased 
the PUFA content of certain PLs. The generation of lipid peroxides is a regulated process that may involve 
multiple members of the lipoxygenase family (LOX). Under physiological conditions glutathione peroxidase 4 
(GPX4) catalyzes the detoxification of lipid peroxides to the corresponding alcohols, thereby preventing the 
accumulation of ferroptotic death signals. Figure from 202. 
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and did not show increased resistance to Gpx4 deletion induced ferroptosis (Figure 

19 D) compared to the parental cell line. Therefore, I concluded that the role of 

specific acyltransferases in ferroptosis must be dependent on the cellular context in 

contrast to the more general role conferred by Acsl4, whose ablation resulted in a 

bottleneck for polyunsaturated acyl-CoA biosynthesis (Figure 28 B). 

But the data also supported the notion that Acsl4 is not the sole enzyme to activate 

AA at physiological concentrations as exogenously added AA could restore AA 

containing PE and PI species to WT levels (Figure 28 D and E). Additionally, I took 

advantage of the ferroptosis resistant Acsl4 KO cell line to determine the importance 

of the carbon chain length, degree of unsaturation and the position of the last double 

bond of exogenously added FAs to support RSL3-induced ferroptosis (Figure 27). 

FAs with less than 2 double bonds were not able to sensitize Acsl4 KO cells to 

undergo ferroptosis induced by RSL3 (Figure 27). When I compared the degree of 

unsaturation and the double bond position of FAs of the same carbon chain length 

(C20), I noticed that the double bond position (ω6>ω3) had a bigger impact on 

ferroptosis sensitivity than the degree of saturation (Figure 27). These observations 

argued against a pure chemically driven generation of lipid peroxides to initiate 

ferroptosis (i.e. Fenton reaction), since the prevailing kinetic concept of lipid 

peroxidation would dictate that the number of bis-allylic positions in PUFAs must 

correlate with their oxidizability 97. Instead the result favored a ferroptosis mechanism 

that involves directed oxygenation of ω6 FA and not ω3 FA containing phospholipids 

catalyzed by a yet unidentified and potentially redundant group of iron-

containing/utilizing enzymes, such as lipoxygenase (LOX) (Figure 39). This 

hypothesis is supported by previous findings showing that pharmacological inhibition 

of LOX activity in Pfa1 cells can attenuate their ferroptotic response 78. This is further 

corroborated in cells lacking 12/15-lipoxygenase (Alox15) that were highly resistant to 

BSO-induced ferroptosis in vitro 88. Yet, in Gpx4/Alox15 double KO mice no rescue of 

the early lethality of Gpx4 KO embryos is detectable 269, nor does the ablation of 

Alox15 ameliorate the acute renal failure and early death of mice carrying the 

inducible Gpx4 KO allele 78, 88. I can therefore not exclude the possibility that in vivo 

multiple LOX enzymes are at work to generate the necessary lipid peroxide species 

that promote ferroptosis or, alternatively, that the used LOX inhibitors are either non-

specific for individual LOX enzymes or even harbor radical scavenging 

characteristics. From these studies it has become evident and self-explanatory that 
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conclusions drawn solely based on pharmacological inhibitor experiments must be 

taken with care due to inherent unspecific side-effects and/or potential intrinsic 

antioxidant properties of small molecule compounds. 

 

5.3 Arachidonoyl/Adrenoyl-PEs are markers of ferroptotic cell death 

Using my cellular models, our collaborator Prof. Kagan could describe the 

oxilipidomic signature of ferroptosis for the first time, identifying double and triple 

oxygenated AA- and AdA-containing PE (18:0/20:4 and 18:0/22:4) species as 

molecular markers of ferroptotic cells 203. Additionally, his laboratory demonstrated 

that the oxygenation event necessary for ferroptosis occurs after and not before 

AA/AdA incorporation into PL species 203, strengthening the point that Acsl4 ablation 

protects from ferroptosis by reducing the amount of PUFAs in certain PL species. To 

better appreciate the implication of this finding, it is necessary to understand the 

processes involved in the formation as well as the properties and function of the 

critical PE species pinpointed in this study. PE is after PC the second most abundant 

PL in eukaryotic cells 270. Its conical shape (small hydrophilic head and large 

hydrophobic tail) does not allow PE to produce functional lipid bilayers on its own, but 

instead it incorporates into preexisting membranes to support and enhance the 

membrane curvature, making it a necessary component for membrane fusion/fission 

events 271, 272. In fact, high concentrations of unsaturated PE species, like the here 

identified potential ferroptotic markers, cause “tension” when incorporated into planar 

membranes that can be released by local relaxation events which temporarily expose 

the polyunsaturated sn-2 acyl rest of PE to the hydrophilic phase 273. This process 

would make PE (18:0/20:4 and 18:0/22:4) highly accessible for peroxidation and 

could explain why these PL species are prime targets for oxygenation. In fact, two 

metabolic routes lead to the formation of PE. The first one takes place in the ER and 

is commonly known as de novo PL synthesis (Kennedy pathway) which assembles 

CDP-ethanolamine and diacylglycerol to form PE 270. Secondly, PE can be generated 

by decarboxylation of PS, a process that is catalyzed by phosphatidylserine 

decarboxylase (PSD) which is localized on the outer leaflet of the inner mitochondrial 

membrane (IMM)274 (Figure 40). Even though both pathways are theoretically able to 

form all PE species, the Kennedy pathway produces preferentially mono/di-

unsaturated PE species, while the PSD pathway produces predominantly 
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Figure 40: The subcellular localization of Acsl4 influences the FA composition of PE. 

Acsl4 is enriched at the contact sites of the endoplasmic reticulum (ER) with mitochondria, the so-called 
mitochondrial-associated membrane (MAM) 214.Therefore, I propose that the levels of AA-CoA/AdA-CoA are 
highest at MAM sites generating a cellular gradient (red to yellow spheres). During ferroptosis 
phosphatidylethanolamines (PE, 18:0/20:4 and 18:0/22:4) were found to be the most prominent oxygenated PLs. 
Consistent with this model these PE species were previously reported to be enriched in mitochondrial membranes 
275. PE is either formed via de-novo synthesis in the ER (mostly unsaturated and monounsaturated species) or by 
decarboxylation of phosphatidylserine (PS) by the enzyme phosphatidylserine decarboxylase (Psd). Since Psd is 
localized at the inner mitochondrial membrane (IMM)274, the process highly depends on the import of PS into 
mitochondria. Interestingly, PS import is a regulated process that seems to prefer polyunsaturated PS species for 
unknown reasons 275. I assume that either PS species formed close by from phosphatidylserine synthase (Pss1/2) 
contain mainly polyunsaturated fatty acids (PUFAs) or the import of PS is regulated by additional proteins. 
Hypothetically, Acsl4 could be one of the proteins involved in the PS selection/import process because of its 
ability to bind primarily PUFAs. Additionally, PUFA containing PE species are less frequently exported from the 
mitochondria leading to an enrichment of oxidation-prone PEs in mitochondrial membranes. To ease the tension 
in membranes that contain high concentrations of PE, eventually the sn-2 acyl chains get temporally exposed to 
the hydrophilic phase 273, where they are accessible for the peroxidation processes (Abbreviations: Outer 
mitochondrial membrane (OMM), Intermembrane space (IMS); Cytidine diphosphate-diacylglycerol (CDP-DAG)). 
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polyunsaturated PE species276. The production of mitochondrial PE species is highly 

dependent on the import of PS from the ER into the mitochondria277. Albeit different 

studies have already addressed the import of PS into mitochondria, the underlying 

mechanism remains elusive. Contact sites of the MAM and the OMM have been 

proposed as sites of PS import 277, 278; however, the KO of Mitofusin2 or Mitostatin, 

which regulate the proximity of MAM–mitochondria contacts279, 280, does not alter PS 

import into mitochondria 275. Instead, a recent study shows that the import of PS 

species in contrast to PC species is a highly controlled process that favors the import 

of polyunsaturated species (36:4, 38:4 and 38:5), while the deriving PE species are 

only slowly exported from the mitochondria 275 (Figure 40). This disequilibrium 

between the import and export kinetics is considered to lead to an accumulation of 

polyunsaturated PE species in mitochondria 275 (Figure 40). Based on these reports I 

can speculate about a not yet recognized function of Acsl4 in regulating the PUFA 

containing PS import into the mitochondria necessary to generate PUFA containing 

PE species via the PSD pathway (Figure 40). The dysregulation of mitochondrial 

polyunsaturated PL species might in part explain the phenotype of elongated 

mitochondria that I observed during the TEM experiments (Figure 24). Additionally, I 

developed the hypothesis that the localization of Acsl4 to the MAM would generate 

cellular acyl-CoA gradients which favor the production of PUFA containing PL 

species nearby (Figure 40), including PE(18:0/20:4 and 18:0/22:4) species, that are 

predominantly localized in the mitochondrial membranes 275. Even though it is still not 

fully understood why exactly oxidized species of PE(18:0/20:4 and 18:0/22:4) were 

most significantly enriched in ferroptotic cells (Figure 29 A), the molecular 

mechanism may be explained by certain transition metal ions preferentially binding to 

PE instead of other PL species 281. By doing so Cu2+ (and hypothetically also Fe2+) 

can specifically direct Fenton reactions to membranes compromising high levels of 

PE oxidizing adjacent polyunsaturated fatty acids 281. The thereby oxidized PE 

species (18:0/20:4 and 18:0/22:4) could generate sparks of lipid peroxidation on the 

OMM that eventually ignite a full blown ferroptotic cascade leading to the observed 

mitochondrial phenotype (Figure 24) and eventually the oxidation of the residual PL 

species observed (Figure 29 A). Furthermore, I believe that this process could also 

involve cysteine-rich proteins on the OMM, like VDAC2/3 (notably, their knockdown 

has been associated with increased ferroptosis resistance 77), that are readily 

modified by products of lipid peroxidation, thereby gaining a not yet recognized 
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function that enhances lipid peroxidation and simultaneously disrupts mitochondrial 

ATP production. Finally, the plasma membrane is believed to become permeable 

when containing high concentrations of lipid peroxides that decompose to reactive 

aldehydes (mechanism suggested by Magtanong et al. 282), leading to a collapse of 

the osmotic gradient. So far I cannot exclude the possibility that reactive aldehydes 

arising from the decomposition of lipid peroxides transform the lipid signal into a 

specific protein modification pattern, which subsequently execute ferroptotic cell 

death. As the role of lipid peroxidation plays a fundamental role in ferroptosis, it is 

necessary to highlight the chemistry behind the generation of lipid peroxides and 

reactive aldehydes and discuss their putative role as signaling molecules during 

ferroptosis. 

 

5.4 Ferroptosis execution: Reactions of lipid hydroperoxides 

Early studies have established the radical-based nature of lipid autoxidation 

reactions, which yield lipid peroxides and consequently reactive aldehydes 283, 284. 

Specifically, unsaturated acyl chains harboring weak hydrogen bonds are prone to 

undergo autoxidation 285. The reaction can be divided into three stages commonly 

known as initiation, propagation and termination of the radical chain-reaction outlined 

in Figure 41 using AA as an example. The initiation step generally involves a free 

radical pool (i.e. the hydroxyl radical (•OH)), which abstracts hydrogen from an 

unsaturated acyl chain. The resulting carbon radical readily reacts with oxygen to 

form a peroxyl radical 286
. At this point the peroxyl radical can propagate the reaction 

in multiple ways. It either abstracts hydrogen from an organic substrate forming a 

hydroperoxide or attaches to another acyl chain forming effective dimers (and higher 

polymers) 287, 288. Both lipid hydroperoxides and the dimers connected by a peroxide 

bond are very unstable molecules that subsequently break and undergo carbon chain 

cleavage (Figure 42) 289 forming a variety of reactive aldehyde species and oxidized 

phospholipids 126, 290. It should be noted that in the presence of Fe2+ lipid 

hydroperoxides can also suffer reductive cleavage to alkoxyl radicals which further 

escalate the chain reaction 291 (Figure 41). Termination of the chain reaction can only 

occur when two radicals react and form a non-radical molecule. Phenolic compounds 

(antioxidants) for instance are known inhibitors of lipid peroxidation as they are good 

hydrogen donors that subsequently form stabilized radicals to “consume” peroxyl  
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Figure 41: Radical chain reaction generating lipid peroxides. 

The autoxidation of Arachidonic acid (AA) can be divided into three stages. Free radicals (·OH) can abstract 
hydrogen from a weak C-H bonds to generate a carbon radical (initiation). This carbon radical reacts with 
molecular oxygen to form a peroxyl radical. Peroxyl radicals abstract hydrogen from other lipid molecules (RH) 
leaving another carbon radical to propagate the chain reaction and forming hydroperoxy-AA. The presence of iron 
can further escalate the chain reaction by catalyzing the reductive cleavage of hydroperoxy-AA, which generates 
an alkoxyl radical. Every time two radicals react with each other the chain reaction is terminated. 

radicals 97. The type of reactive aldehyde produced from the decomposition of lipid 

peroxides highly depends on the position of the last double bond of the oxygenated 

fatty acid. While oxygenation of ω3 fatty acids mainly produces 4-hydroxy-2-hexenal 

(HHE), oxygenation of ω6 fatty acids predominantly leads to the generation of 4-

hydoxy-2-nonenal (HNE) 292 (shown in Figure 42). Each of these electrophiles 

produces a characteristic pattern of lipid, protein and DNA modifications 293, 294. For 

instance, thiol groups of cysteine as well as primary and secondary amines like 

deoxyguanosine, lysine, histidine etc. are known targets of electrophile alkylation 295, 

296. In fact, HNE showed greater toxicity than HHE in cell viability assay of Pfa1 cells 

(Dr. José Pedro Friedmann Angeli, personal communication), which is in line with 

literature reports 297. In the present study, I observed that ω-6, but not ω3 fatty acid 

supplementation caused increased ferroptosis sensitivity (Figure 27 A), which 

encourages me to hypothesize that HNE derived from ω-6 lipid peroxides might be a 

critical mediator of ferroptosis execution. I speculate that the local concentrations of 

4-HNE depend on the presence of the herein identified ferroptotic markers 

(PE(18:0/20:4 and 18:0/22:4)), thereby allowing the generation of a ferroptosis-

Initiation 

Propagation 

Termination 
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specific modification pattern. Finally, I am aware that lipid peroxides 

 
Figure 42: Generation of 4 hydroxynonenal (4-HNE) as a breakdown product of ω-6 lipid peroxides. 
Hydroperoxy- AA reacts with a lipid peroxy radical to form dimer/polymer lipid molecules crosslinked by peroxide 
bonds. When the instable intermolecular peroxide breaks carbon chain cleavage is induced (ß-scission), thus 
resulting in the generation of different reactive aldehyde species and oxidized lipids depending on the position of 
cleavage. 4-H(P)NE and 4-HNE are very strong electrophiles that readily react with a variety of available 
nucleophilic protein residues (Cys, His,Lys, etc.). 
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are not only derived from autoxidation reactions but are also produced enzymatically 

(LOX mediated) in a cellular setting 298, 299. Therefor the expression pattern of ALOX 

proteins may significantly contribute to the ferroptosis susceptibility of different cell 

types. 

 

5.5 Anti-ferroptosis drugs: Potential treatment for degenerative diseases 

The insight that ferroptosis participates in a variety of pathological conditions, 

including ischemia reperfusion injuries and neurodegenerative diseases (detailed in 

chapter 1.2.2.2.4), has raised great interest to explore new therapeutic strategies 

based on anti-ferroptotic agents. Table 1 summarizes a select set of known anti-

ferroptotic compounds, along with their molecular targets. While a number of studies 

have shown the anti-ferroptotic properties of many existing compounds (table 1), 

ferrostatin-1 and liproxstatin-1 were the first compounds exclusively developed for 

their anti-ferroptotic properties 76, 78. Liproxstatin-1 and the second generation 

ferrostatins (Ferrostatin SRS-11-92, etc.) were both able to ameliorate tissue damage 

in different in vivo models of IRI 78, 98. Even though the exact mechanism of action 

remains unclear, both compounds are thought to prevent the accumulation of pro-

ferroptotic lipid peroxides by stalling the critical radical chain reaction or alternatively 

by preventing the oxidative decomposition of lipid hydroperoxides 159; this would 

classify them as GPX4 mimetics. Thereby, the lipophilic anchor as well as the 

presence of secondary amines seems to play a critical role for their anti-ferroptotic 

activity 159. In fact α-tocopherol, a classical antioxidant of the vitamin E group, is far 

less efficient than ferrostatin-1 and liproxstatin-1 to prevent ferroptosis 78, which 

favored the idea that these compounds might be able to reduce multiple lipid 

peroxides to their corresponding alcohols by donating electrons from secondary 

amines 159. 

In this thesis, a new class of ferroptosis inhibitors, namely the thiazolidinediones, 

were introduced which were previously identified as a class of hypoglycemic drugs. I 

showed that these drugs protect from ferroptosis in vitro (Figure 31 A-D), and even 

prolong the overall survival of inducible Gpx4 KO mice (Figure 36). The anti-

ferroptotic effect of ROSI results from the inhibition of Acsl4 and occurs 

independently of its agonistic effect on PPAR-γ activation (Figure 31 E-G). 

Interestingly, I found that these compounds have already been shown to improve 
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pathological conditions in which ferroptosis has been suggested to play a role 

including ischemia/reperfusion damage in tissues of the brain, kidney, liver and heart 
300-304 as well as liver necrosis 305, 306 and during neurodegenerative diseases, such 

as Huntington’s disease and dementia 307, 308. Moreover, the present work provides a 

rational explanation for the beneficial effects of thiazolidinediones (Acsl4 inhibition) 

under pro-ferroptotic conditions (in vitro: RSL3 treatment and Gpx4 depletion (Figure 

31 A and D); in vivo: TAM induced Gpx4 depletion (Figure 36)) that could so far not 

be explained solely based on their effects on PPAR-γ activation. Additionally, I 

noticed that in most studies the thiazolidinediones treatment was only protective 

when applied before the induction of pro-ferroptotic conditions, which is in line with 

my experimental experience. I hypothesize that this is due to a modification of the 

phospholipid composition that follows the inhibition of Acsl4. To overcome this 

delayed anti-ferroptotic response of Acsl4 inhibitors, the development of dual function 

molecules such as Acsl4 inhibitors with lipophilic antioxidant properties might 

represent a promising strategy to develop next-generation anti-ferroptotic drugs. 

Troglitazone, which exhibits both features, has already demonstrated about 10-fold 

increased efficacy in in vitro assays compared to the sole Acsl4 inhibitor rosiglitazone 

(Figure 31 A). Although it is possible to determine the activity of Acsl4 using radio-

labeled AA 309, to my knowledge there is no reliable and high-throughput suitable 

Acsl4 activity assay established that could be used for the development of new Acsl4 

inhibitors. 

 
Table 1: Selection of anti-ferroptotic compounds 

Compound Target Test model Ref. 
Thiazolidinediones Acsl4 inhibition Pfa1 (Gpx4 -/- cells), 

inducible Gpx4 -/- mice. 
202 

Triacsin C Acsl4 inhibition/antioxidant Pfa1 (Gpx4 -/- cells) 203
 

Trolox Antioxidant HT1080, PUFA induced cell 

death in S. Cerevisiae 
76, 159 

α-tocopherol Antioxidant BReLR 75 
ß-Mercaptoethanol Cysteine uptake HT1080 76 
Aminooxyacetic acid Fatty acid synthesis HT1080,BJeLR 76 
Cyclopirox olamine Intracellular iron chelation HT1080 76 
Deferoxamine Iron chelation HT1080, Calu-1 76 
Ferrostatin-1 Lipid peroxidation HT1080, PVL/AKI model 76, 159 
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5.6 Exploiting ferroptosis for cancer therapy 

The uncontrolled accumulation of mutations that allows cancer cells to short-circuit 

the safety mechanisms of cell proliferation and prevent programmed cell death 

(apoptosis) makes efficient cancer treatment very challenging, particularly in an aging 

human society. Alternative treatments based on novel forms of regulated necrotic cell 

death routines like ferroptosis could therefore significantly aid to design novel anti-

cancer therapies. In fact, some tumors are highly dependent on GPX4 and system 

xc
−, as reported for renal cell carcinomas and a subset of triple-negative breast 

cancer cell lines 89, 95, 213 making them highly sensitive to ferroptosis 103, 107, 205. The 

present work discovered that Acsl4 expression represents one of the main factors 

determining ferroptosis resistance in a panel of triple-negative breast cancer cell 

lines.  

Hence, these experiments provide the rationale for using Acsl4 as a prognostic 

marker to predict the potential outcome of ferroptosis-based therapies. As some 

studies have already linked Acsl4 expression with more aggressive cancer 

phenotypes (mainly prostate and breast cancers) that include elevated invasiveness, 

growth rates and poor treatment options 264, 265, 313, 314, I am convinced that this 

findings emphasize the urgency to develop new ferroptosis inducing agents that can 

be used for the treatment of these otherwise barely treatable cancer entities 315. 

However, the role of Acsl4 in tumorgenesis is still not fully understood as in some 

instances the expression of Acsl4 rather suppresses than increases tumor 

proliferation (gastric cancer) 316. The expression of other long-chain acyl-Coa 

synthetases which can potentially alter the metabolic state of tumors may help to 

explain the cell context dependent effect of Acsl4. In fact, a recent publication has 

Liproxstatin-1 Lipid peroxidation Pfa1 (Gpx4 -/- cells), inducible 

Gpx4 -/- mice 
78 

Zileuton LOX inhibitor HT22 310 
LOXBlock-1,2,3 LOX inhibitor HT22 311, 312 
6-aminonicotinamde Inhibition of the pentose phosphate 

pathway 

HT1080,Calu-1,BJeLR 76 

Diphenyleneiodonium NADPH oxidase (NOX) HT1080,Calu-1 76 
Glutathione Oxidative pathway HT1080 81 
Ebselen Oxidative pathway HT1080, Calu-1, BJeLR 76 
Bafilomycin A Autophagic degradation of ferritin HT1080 106 
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demonstrated that KRAS dependent tumorgenesis requires Acsl3-dependent 

reprogramming of the lipid homeostasis to create a suitable metabolic environment 

that supports tumor proliferation in the lung 317. Hence, the field of lipid metabolism 

contributes to our still limited understanding of cancer development and may also be 

used to predict the outcome of future ferroptosis-based cancer treatments. 

In fact the panel of chemicals known to induce ferroptosis is constantly expanding, 

recently also including a group of ‘caspase-3/7-independent lethal’ (CIL) compounds 

(CIL41, CIL56, CIL69, CIL70, CIL75, and CIL79) 318 as well as the compound 

Dihydroartemisinin 319. Utilizing this arsenal of ferroptosis inducers we can anticipate 

the development of new chemotherapeutic drugs that seek to exploit the ferroptotic 

cell death mechanism. Actually there is already evidence that such a ferroptosis-

based anticancer strategy in combination with traditional chemotherapeutic agents 

has beneficial effects in head and neck cancer cell lines 320. Apart from that the 

effects of several existing chemotherapy drugs can be traced back to ferroptosis 

induction. Sorafenib for instance, an anticancer drug that is used mostly for the 

treatment of primary kidney and liver cancers, induces ferroptosis in cancer cells via 

inhibition of system xc
- 95, 321. Other evidence for the viability of ferroptosis-based 

anticancer therapy comes from the drug altretamine (used for recurrent ovarian 

cancer and metastatic renal cell carcinoma treatment), which was recently identified 

to be a GPX4 inhibitor 92, 322, 323. In this context, intratumoral injections of RSL3 

(GPX4 inhibitor) also inhibited tumor proliferation in a mouse xenograft model81. As 

demonstrated in this study double targeting of both GPX4 activity (by RSL3) and 

cystine uptake (by Erastin) in cancer cells seemed to provoke the strongest 

ferroptotic response (Figure 22 A). Currently, the development of new ferroptosis 

inducing agents is dedicated to GPX4 inhibitors, since glutathione-deprivation 

induced by system xc
- inhibition can be metabolically attenuated dependent on the 

cellular context and importantly Gpx4 is not solely dependent on glutathione as 

substrate as it can use protein-bound thiols as electron donors. Understanding how 

the metabolic state of cells influences their susceptibility to ferroptosis will be the next 

step to refine the model of ferroptosis. Certainly, after the identification of Acsl4 as 

one critical determinant of ferroptosis the lipid metabolism of cells might become the 

future focus of attention in the ferroptosis field. 
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APPENDIX 

Precise mapping of insertions and deletions of single cell clones was performed by 

Sanger sequencing of the corresponding locus (WT and mutant) and subsequent 

chromatogram analysis using the tool TIDE: Tracking of Indels by DEcomposition 

(tide.nki.nl). Clones that were used for analysis with confimed out of frame mutations 

are listed below. 

Pfa1 Acsl1 -/- (clone 4) 

Pfa1 Acsl3 -/- (clone A4) 

Pfa1 Acsl4 -/- (clone 9): 
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Pfa1 Acsl5 -/- (clone 10) 

Pfa1 Acsl6 -/- (clone C9 contains in frame -21bp deletion)  

Pfa1 Lpcat3 -/- (guide 3, clone 7) 

Pfa1 PPARγ -/- (clone #1) 
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Pfa1 Bid -/- (clone #5) 

Pfa1 Bid -/- (clone #7) 

Pfa1 Tnfrsf1a -/- (clone F04) 
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Pfa1 Casp 8 -/- (clone F07) 

 

Pfa1 Ces2a -/- (clone H11, contains a 6bp in frame deletion) 

Pfa1 Smg7 -/- (clone B04) 

Pfa1 Hnrnpf -/- (clone H02 contains 50% wt sequence) 



  APPENDIX 
 

- 158 - 

 

Genotyping PCR of Acsl4 tm1c/tm1c ROSA26CreERT2 mice (AZ92-115) 

 

2% agarose gels showing genotyping reactions of the Acsl4tm1c/tm1c ROSA26CreERT2 
animals (AZ92-115). The top gel shows genotyping reactions of the Acsl4 tm1c allele 
(Primer: #1932/ #1933; PCR products: WT (225 bp); tm1c (363 bp); tm1a (no amplification)), 
the bottom gels show ROSA26CreERT2 specific PCR reactions of the same animals. 
ROSA26CreERT2 was detected with the primers CRE D and CRE E that generated a 
product of ~500 bp. GeneRulerTM 1kb Plus DNA Ladder was used as size indicator.  

 

 

Description of accompanying files: 

 

Excel file 1 

Results from the shRNA screening (MISSION® Mouse shRNA library from Sigma-
Aldrich) in xCT- cells. Table is sorted for the shRNAs that appeared most frequently 
after selection using ß-Me withdrawal. Abbreviations: nShRNAI5= shRNA count in 
the unselected cell pool; nShRNAI6 = shRNA count in the selected cell pool. 



  APPENDIX 
 

- 159 - 

Excel file 2 

Results from the shRNA screening (MISSION® Mouse shRNA library from Sigma-
Aldrich) in xCT- cells. Table is sorted by ratio of nShRNAI5/nShRNAI6 (c5/c6). This 
means genes that showed enrichment of shRNAs are represented at the top of the 
list. ShRNAs that were only sequenced once in the control pool (nSHRNAI5) were 
omitted. Abbreviations: nShRNAI5= shRNA count in the unselected cell pool; 
nShRNAI6 = shRNA count in the selected cell pool. 

Excel file 3 

Microarray analysis of parental and ferroptosis resistant Pfa1 cell lines (cB1, cB4, 
cB7). 

Excel file 4 

Results from the CRISPR/Cas9 KO screen. The table contains the number of guides 
sequenced in the unselected library aswell as the RSL3 , Erastin and TNFα selected 
libraries. 

 

 

Excel file 5 

Results from expression profiling (RNAseq) of parental and ferroptosis resistant Pfa1 
cells (cB1, cB4, cB7). The table contains transcript counts with the corresponding 
standard deviation. 

ENCoRE.jar 

Executable file of the developed bioinformatics tool (Sebastian Doll, Manuel Poppe, 
Dr. Joel Schick and Dr. Dietrich Trümbach). The latest version of Java is required for 
exectution. The program works most efficient if input FASTQ files are stored on the 
local machine. 
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